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ABSTRACT: Ca- and Mg-based batteries represent a more sustainable alternative to Li-
ion batteries. However, multivalent cation technologies suffer from poor cation mass
transport. In addition, the development of positive electrodes enabling reversible charge
storage currently represents one of the major challenges. Organic positive electrodes, in
addition to being the most sustainable and potentially low-cost candidates, compared with
their inorganic counterparts, currently present the best electrochemical performances in Ca
and Mg cells. Unfortunately, organic positive electrodes suffer from relatively low capacity
retention upon cycling, the origin of which is not yet fully understood. Here, 1,4,5,8-
naphthalenetetracarboxylic dianhydride-derived polyimide was tested in Li, Na, Mg, and
Ca cells for the sake of comparison in terms of redox potential, gravimetric capacities,
capacity retention, and rate capability. The redox mechanisms were also investigated by
means of operando IR experiments, and a parameter affecting most figures of merit has
been identified: the presence of contact ion-pairs in the electrolyte.
KEYWORDS: battery, lithium, post Li, sodium, calcium, magnesium, organic cathode

■ INTRODUCTION
Modern societies need a large panel of energy sources
including intermittent renewables where batteries are antici-
pated to be the key players driving global energy transition
ambitions. Independent of the application (e.g., e-mobility or
stationary energy-storage system), current and future battery
technologies have to fulfill energy/power density agendas, cost
efficiency, safety checks, and, most importantly nowadays,
sustainability requirement.1 Even if Li-ion batteries using
conventional inorganic intercalation compounds and carbonate
electrolytes are still dominating the current market, debates on
the forecasted scarcity of lithium2 and the harmful environ-
mental impact of conventional battery cathode materials (Co,
Mn, Ni, and V)3,4 prompted the development of alternative
materials and technologies. One of the plausible alternative is
to develop Na ion5,6 or even divalent batteries, that is,
magnesium and calcium batteries.7−9 The raw materials
involved in these post-Li batteries are commonly more
abundant, cheaper, and arguably less toxic.10 Moreover, the
possible use of metal anodes could lead to breakthrough in
terms of energy density.11 However, the lack of operational
electrolyte and cathode materials for multivalent batteries has
considerably slowed down the progress in the field, although
encouraging advances have been lately reported.7,12 In this

context, organic electrodes are promising sustainable candi-
dates for next-generation multivalent batteries.13−17

Although already investigated in the early 70s, organic
cathodes have been sidelined for decades because of the
limited performance of the first developed polymers18,19 and
by the tremendous success of inorganic electrodes from the
90s.20 This past decade, however, the performances of
intercalation electrode were pushed closely to their theoretical
limits and environmental concern has dramatically increased,
which have somehow triggered the renewed interest in organic
electrodes.13 Although they used to be disregarded for their
low energy density, short cycle life, and high self-discharge, the
recent development of new organic materials (e.g., radical
polymers, redox-active polymers, etc.) with tunable properties
represents a breakthrough showing that organic electrodes
could provide long-term cycle life (low solubility), high
capacity, and high voltage. The most studied organic
compounds are listed as conductive polymers,21,22 organo-
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sulfur compounds,23 oxynitride radical compounds,24,25 imine
compounds,26 and carbonyl conjugated compounds.27,28

Polyimides (PIs), belonging to the carbonyl family, are one
of the most promising redox-active materials for batteries.29−32

Typically, PIs have multiple electroactive functional groups
involving either aromatic or aliphatic structures that are
conjugated to carbonyl groups. It is generally accepted that
upon reduction, the oxygen anion of the carbonyl coordinates
with the cation charge carriers through enolation mechanism,33

and each unit can reversibly transfer up to 2 moles of electrons
per mole of repeating unit, rendering theoretical capacities
ranging between 150 and 200 mAh g−1.32 In addition, as they
stem from natural biomass extracts, they are expected to be
inexpensive and easy to produce, which are interesting assets
for the development of sustainable cathodes.13 Lately, reports
on PI cathodes have provided promising figure of merits in
monovalent (Li+, Na+, and K+-ion) organic batteries.30,32,34,35

Although a wide range of analytical tools have been used to
demonstrate the redox mechanism (incl. electrochemical
performance),36−38 spectroscopic analyses are sparse. More-
over, to the best of our knowledge, PI cathodes have not been
extensively studied using multivalent cations, particularly
divalent Ca ion in organic electrolytes.
In this study, we evaluate the electrochemical performance

of 1,4,5,8-naphthalenetetracarboxylic dianhydride (NTCDA)-
derived polyimide (PNTCDA) as the positive electrode for
Li+, Na+, Mg2+, and Ca2+ ion batteries in organic electrolytes. A
detailed comparison is made in terms of redox potential,
gravimetric capacities, capacity retention, and rate capability.
Moreover, operando IR-assisted experiments on Li+ and Ca2+
ion cells allow us to observe the reversible enolation/
carbonylation processes of the carbonyl bonds in the imide
functionalities in real time.

■ EXPERIMENTAL DETAILS
Electrolytes were prepared by mixing LiTFSI (99%), NaTFSI
(99.9%), Ca(TFSI)2 (99.5%), or Mg(TFSI)2 (99.5%) purchased
from Solvionic in an ethylene carbonate (EC, anhydrous 99.0%,
Aldrich) and propylene carbonate (PC, anhydrous 99.7%, Aldrich)
mix of EC:PC (1:1 wt %). Salt concentrations were set to 1.0 and 0.5
M, respectively, for monovalent and divalent salts unless specified.
The water content in the electrolytes was measured by Karl-Fisher
titration and found to be lower than 20 ppm in all cases. Electrolyte
preparation and cell assembly were always carried out inside an argon-
filled glovebox with <1 ppm H2O and O2.
The cathode material NTCDA-derived PNTCDA was synthesized

by a polycondensation reaction between NTCDA and ethylenedi-
amine as described previously.35

The electrochemical stability of the electrolytes was evaluated in
three-electrode Swagelok cells using 316 L stainless-steel plungers,
oversized activated carbon (AC) cloth (Kynol, ACC-509220) counter
electrodes (CEs), and sulfonated Ag wires as reference electrodes.39

In order to prepare the reference electrodes, silver wires were first
scratched using a sand paper and then sonicated in acetone and rinsed
with distilled water. Then, they were immersed attached to a stainless-
steel plunger in a solution of 5% NaSO4 for 24 h yielding a black
coating of Ag2S covering the entire silver wire. Finally, the whole
reference was dried overnight at 60 °C. The working electrode (WE)
was a self-standing blend of PNTCDA active material, single-walled
carbon nanotubes (SWCNTs), and reduced graphene oxide (RGO)
in the proportion of 60:20:20 wt % (PNTCDA:SWCNT:RGO) with
an average PNTCDA mass loading of 2.5 mg cm−2 (see the
Supporting Information for the detailed electrode preparation). The
cycling protocols always started with an equilibration step of the WE
for 3 h at an open-circuit potential. In order to monitor the rate
capabilities and specific capacities, cells were cycled using a Bio-Logic

VMP3 potentiostat in the galvanostatic mode with potential limitation
(GCPL) between 1C and C/20, 1C being normalized to the insertion
of 2 moles of electron per hour (the upper and lower cutoff potentials
were 0 V and −1.0 or −1.2 V vs Ag/Ag2S, respectively). Cyclic
voltammetry (CV) was carried out at 5 mV s−1 between 0.7 and −1.2
V vs Ag/Ag2S for 30 cycles in the same Swagelok three-electrode
configuration as described in the GCPL protocol.
Scanning electron microscopy (SEM) studies were performed

using a Quanta 200 ESEM FEG FEI microscope equipped with an
energy dispersive X-ray detector with an energy resolution of 132 eV.
Samples were transferred from an argon-filled glovebox with
minimum air exposure.
Operando Fourier transform infrared (FTIR) spectroscopy was

conducted at the MIRAS beamline of ALBA synchrotron light source
(Cerdanyola del Valles̀, Spain) using a 3000 Hyperion microscope
coupled to a Vertex 70 spectrometer (Bruker, Germany). The spectra
were collected with a mercury-cadmium-telluride detector using the
internal source of radiation. The microscope optics used a 36×
Schwarzschild objective (NA = 0.52) with an aperture size of 50 × 50
cm2. The measurements were performed in a ECC-Opto-Std (EL-
CELL) equipped with a 0.3 mm thickness CaF2 window. Electro-
chemical tests were performed on the self-standing PNTCDA
[(60:20:20), (PNTCDA:SWCNT:RGO)] electrodes employing 1.0
M LiTFSI or 0.5 M Ca(TFSI)2 in EC:PC as electrolytes. Li metal and
AC cloth (Kynol, ACC-509220) were used as CEs in Li and Ca cells,
respectively. Cells were cycled in the GCPL mode at C/10 rates using
a Bio-Logic SP-200 potentiostat.

■ RESULTS AND DISCUSSION
Vibrational Spectroscopy. Operando FTIR spectroscopy

was performed in order to observe the evolution of all infrared
active bands and assess the reversible mechanism for the
conversion of redox-active carbonyl groups in the imide
functionality of PNTCDA via enolation/carbonylation reac-
tions. The redox reaction of the PNTCDA is paired with the
coordination and uncoordination of metal ions during
discharging/charging processes (Figure 1a). The proposed
mechanism was strongly inspired by redox reactions already
reported for both aromatic polyimides and polyquinones.30

The commercial EL-CELL setup allowed us to collect the IR
spectra while running GCPL measurements at C/10 between 3
and 1.5 V vs Li+/Li (Figure 1b) and between 0 and −1.75 V vs
AC for the Ca cell (Figure 1c) using 1 M LiTFSI (Figure 1a)
and 0.5 M Ca(TFSI)2 in EC:PC, respectively. Detailed
operando FTIR spectra are given in the Supporting
Information (Figure S1). We used a color code between the
GCPL profile and IR spectra to individually distinguish the end
of each oxidation and reduction and plotted them successively
in Figure 1b,c. First, all spectra exhibit bands of the solvent
species, that is, EC and PC, at about 1850−1750 cm−1

assignable to the stretching modes of C�O.40 On the other
hand, characteristic bands of PNTCDA are located in the
1720−1300 cm−1 region.32 C�O asymmetric and symmetric
stretching modes of the imide electrode are found, respectively,
at 1703 and 1673 cm−1 (highlighted in red in Figure 1b,c). The
naphthalene ring distortion is found at 1579 cm−1, while the
C−N stretching mode is found at 1355 cm−1. Upon cycling,
similar behavior is observed for both Li and Ca cells. Briefly,
while no significant decrease in the intensity of the bands
associated with the C�O asymmetric and symmetric
stretching modes is observed, two new unassigned strong
bands appear upon reduction located at 1600 and 1520 cm−1

(highlighted in blue in Figure 1b,c). They are weakly visible at
the end of the first reduction and much more prominent for
the two following reduction steps, suggesting some type of
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activation taking place during the first cycle. The cyclic
appearance of these bands indicates that the process is
reversible and we assume that it is associated with the
formation of C−O−−M+ (M+ = Li+, Ca2+) bands similar to
reports on anthraquinone redox reactions.16 No significant
difference in the position of these two new broad bands can be
seen between Li and Ca cells (see Figure S2).
As expected, both C−O−−M+ and C�O bands are present

at the end of reductions which indicates that a proportion of
C�O remains unreacted. Indeed, even if the electrode is
totally reduced incorporating two electrons per naphthalene-
imide ring, there will be still two additional C�O groups that
are not redox active and thus their respective IR band will
appear in the spectra. Unfortunately, the low intensity of the
bands associated with the naphthalene ring distortion and the
C−N stretching does not allow further conclusion regarding
other functional groups of the PNTCDA. The operando FTIR
spectra of Ca cells (Figure S1) present a cyclical increase and
decrease of the spectra background that is correlated with the
state of charge and reaching its maximum at the end of each
reduction. This can be due to a change in the focus associated
with the swelling and contraction of the electrode upon
cycling, pointing at a more important swelling of the organic

positive electrode in Ca than in Li cells. We tentatively ascribe
this difference to the fact that the Ca2+ solvation shell being
significantly larger than the one of Li+, with more solvent
molecules,41 could result in more important swelling of the
polymer during cation uptake.

Electrochemistry. The electrochemical performance of the
PNTCDA electrodes was assessed in Li, Na, Mg, and Ca based
organic electrolytes. In Figure 2, we present the GCPL

potential vs capacity profiles of PNTCDA electrodes at C-rates
ranging from C/20 to 1C using (a) 1 M LiTFSI, (b) 1 M
NaTFSI, (c) 0.5 M Mg(TFSI)2, and (d) 0.5 M Ca(TFSI)2 in
EC:PC (1:1). In addition to the present remarkable
experimental capacity and capacity retention in Li and Na
electrolytes (ca. 135 and 150 mAh g−1, respectively, for Li+ and
Na+ at C/2), PNTCDA electrodes also show promising
electrochemical performances in divalent cells (90 and 45 mAh
g−1, respectively for Ca2+ and Mg2+ at C/2). All potential-
capacity curves follow a sloping plateau with charge/discharge
voltage centered at about −0.5, −0.6, −0.7, and −0.8 V vs

Figure 1. (a) Proposed charge/discharge mechanism of PNTCDA;
Mn+ = Li+ or Ca2+. The GCPL profiles of PNTCDA at C/10 in 1 M
LiTFSI in EC:PC (b) and in 0.5 M Ca(TFSI)2 in EC:PC (c) with
their corresponding IR spectra in the 2000−1000 cm−1 (operando
measurements).

Figure 2. GCPL potential (vs Ag/Ag2S) vs capacity curves of
PNTCDA in 1 M (a) LiTFSI and (b) NaTFSI and 0.5 M (c)
Mg(TFSI)2 and (d) Ca(TFSI)2 in EC:PC for the last cycles at 1C, C/
2, C/10, and C/20 rates and (e, h) CVs (cycles 1, 5, 10, 20, and 30 at
5 mV/s) obtained using the same electrolytes.
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Ag2S, respectively, for Ca, Mg, Li, and Na cells. The voltage
hysteresis between charge and discharge is rather small, about
200 mV for Li, Na, and Ca cells, being only slightly larger for
Mg cells (ca. 250 mV). These voltage hystereses are only
slightly affected by the C-rate resulting in excellent rate
capability in all cases (Figure 3). Among all, only the Na cell

clearly displays two close plateaus (Figure 2b) which according
to Song et al. might indicate a two-step redox reaction
involving two over four carbonyl groups (two electrons) in Li
cells.32,42 The presence of these plateaus in GPCL traces has
also been observed for PNTCDA with 1 M NaClO4 in EC and
diethyl carbonate (1:1)34 and conjugated polymers incorporat-
ing PNTCDA blocks in their porous framework with 1 M
LiTFSI in dioxalane and dimethoxyethane (1:1).31

In Figure 2, we also present CV curves with all four cations
in order to better identify reaction potentials and see if they
could support two-step redox reactions. The Na cell presents
two distinct peaks in oxidation at −0.36 and 0.02 V vs Ag/
Ag2S that remains at the same position upon cycling, while the
Li one has a single peak at 0.08 V vs Ag/Ag2S that is most
likely the convolution of two peaks, judging its width and
asymmetry. Differential capacity vs voltage curve (Figure S5
plotted from GCPL curves in (Figure 2a) further highlights the
presence of two different redox features. Interestingly, both
divalent cells also have two distinct peaks, but in contrast with
both monovalent cells, the peak positions and intensities
evolve from a single peak into dual peaks upon cycling. For the
Mg cell, the oxidation peak at −0.36 V vs Ag/Ag2S of the first
cycle is split into a large and a small peak, respectively, at

−0.09 and 0.17 V vs Ag/Ag2S (Figure 2g). Similarly, the Ca
cell displays a single peak on its first cycle at 0.18 V vs Ag/Ag2S
which is split into two peaks of similar intensities and area at
−0.17 and 0.1 V vs Ag/Ag2S at cycle 30 (Figure 2h). For both
divalent cells, this behavior may indicate a reorganization of
the polymeric chains during the first cycles which may
influence and modify the reaction potentials of the redox
reaction of carbonyls.43 Both the presence of plateaus on
GCPL traces and dual peaks on CVs may be consistent with a
two-step redox reaction involving the successive formation of a
radical anion and then a dianion in a similar way of quinones
or polyquinones.42,44 Therefore, if all four cations are
susceptible to occupy two over four active sites, Ca2+ and
Mg2+ would either stand in between two C−O− bonds of
different monomers or as a monovalent cation with its
associated anion (TFSI− in our case) to a single C−O− bound.
Another interesting observation from GCPL and CV studies

is that there is a positive shift in the redox potential when
changing the charge carriers from monovalent to divalent
cations. Indeed, the average charge/discharge potential of
−0.45, −0.6, −0.7, and −0.8 V vs Ag2S were recorded,
respectively, for Ca, Mg, Li, and Na cells (Figures 2 and S3).
Binding energies and redox potentials of PNTCDA are
calculated for the formation of complexes between the
NTCDA anion and different cation complexes (See Supporting
Information for the detailed Computational Method section)
and are collected in Table 1. As previously demonstrated by
our group in the aqueous media45,46 and also by Abruña and
co-workers47 in the organic electrolytes, the positive gain in the
reduction potential (thermodynamic stabilization) is ascribed
to the stronger binding (Ebind,Mg(TFSI)]+ = −14.1/−19.9 vs
Ebind,Na+ = −12.5/−18.6 kcal/mol) of Mg(TFSI)+ over Na+
charge carriers with the enolates. This experimentally observed
trend of redox potential gain is also corroborated by the
calculated redox potential values (Table 1). It is important to
mention that in the case of 0.5 M Mg(TFSI)2, the main charge
carrier is considered to be Mg(TFSI)+ as reported elsewere.41

The redox mechanism considered for the calculations was a
sequential 2e− reduction in two steps as suggested by the
double-redox peaks observed in CVs (Figure 2f,g).
Additionally, both steric effects and strong ion pair-

ings41,48,49 may explain the discrepancy between monovalent
and divalent capacities with 140 and 150 mAh g−1,
respectively, for Li+ and Na+ and 90 and 45 mAh g−1,
respectively, for Ca2+ and Mg2+ (Figure 3), with the Mg2+ cell
having the lowest capacity as contact ion-pair formation is
known to be exacerbated with Mg.41 Figure 3 shows that both
divalent cells undergo an activation step during the first five
cycles at C/2 with a continuous capacity increase. While the
origin of this activation period remains unclear, it can be
related to electrode wetting issues and ionic path improvement

Figure 3. Charge (red) and discharge (black) capacities vs cycle
number of PNTCDA for 1 M (a) LiTFSI and (b) NaTFSI and 0.5 M
(c) Mg(TFSI)2 and (d) Ca(TFSI)2 in EC:PC with their respective
Coulombic efficiencies (blue) scanned at 1C, C/2, C/10, and C/20
rates.

Table 1. Electrochemical and Modeling Parameters for PNTCDA in an Organic Electrolyte Containing Representative Na-
and Mg-Based Charge Carriers

electrolyte charge carriera Ered1,exp (V)
b Ered2,exp (V)

b Ered1,calc (V)
c Ered2,calc (V)

c ΔGbind (kcal/mol)
c

1 M NaTFSI [Na]+ −0.95 −0.65 4.25 4.04 −12.5/−18.6
0.5 M Mg(TFSI)2 [Mg(TFSI)]+ −0.6 4.32 4.08 −14.1/−19.9

aEC molecules from [Na(EC)2]+ and [Mg(EC)3(TFSI)]+ complex charge carriers are been omitted for simplicity.
bEred1,exp and Ered2,exp obtained

experimentally in GCPL at C/10. The potentials are referred against Ag2S.
cRefer to the Supporting Information to see the full details of the

computational method to calculate Ered,calc and Ebinding. The absolute values of Ered,calc are reported here. The ΔGbind values correspond to the
binding of the first and second cation charge carriers.
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over time. The first cycles at 1C exhibit Coulombic efficiencies
of 86, 97, 94, and 93% for Li, Na, Mg, and Ca cells,
respectively. For the subsequent 10 cycles at 1C and C/2, the
Coulombic efficiency of Li+ and Mg2+ cells increased to 96%,
while for Na and Ca cells, it increased to 99%. Modifying the
C-rates has little impact on the capacity, but lower Coulombic
efficiencies are recorded at low C-rates (C/10 and C/20),
which may be originated from the parasitic polymer and/or
electrolyte reactions. All cells present very good capacity
retention upon cycling at C/2 and 1C, and slight (Li and Na)
or relatively fast (Mg) capacity fading takes place at C/10 and
C/20. By contrast, the Ca cell capacity increases when the C-
rate is decreased down to C/10 and C/20. Optimistically, high
rate performance of PNTCDA, particularly in Ca cells, is
highly encouraging since achieving satisfactory performance in
these conditions is still an issue for multivalent batteries. Upon
20-fold increase of current from C/20 to 1C, a slight decrease
in specific capacity (11%) was observed in the Ca cell, yet
attaining a high capacity output of 80 mAh g−1 at 1C. This
performance is far superior when compared to the traditional
inorganic and advanced organic electrodes in Ca-ion cells,
except the best-performing 3,4,9,10-perylene tetracarboxylic
dianhydride50 (Table S1).
Since Mg-based electrolytes are more prone to ion-pair

formation, cycling of PNTCDA was performed using electro-
lytes with different Mg(TFSI)2 concentrations (0.5, 0.1, and
0.05 M) in order to assess the impact of ion-pairs on the
electrochemical performances. It was previously demonstrated
that the electrolyte with salt concentration higher than 0.1 M
presents significant degree of contact ion-pair.41 Cells were
cycled at C/2 rate for 50 cycles (Figure 4). Charge/discharge
profiles in Figure 4a show that the overpotential increases
when the concentration of Mg salt decreases, probably due to
the lower conductivity of the more diluted Mg-based
electrolytes. It is also worth noting that the average charge/
discharge potential is also salt concentration-dependent with a
shift toward higher values for lower concentration (less contact
ion-pairs).
Figure 4b shows that capacities after 50 cycles are similar for

0.1 and 0.05 M (about 60 mAh g−1), while at 0.5 M, a strong
capacity fading upon cycling is observed and 40 mAh g−1 is
reached. Moreover, a passive layer observed with SEM imaging
is formed and appears to grow thicker and denser with the
increase in the Mg concentration in the electrolyte (Figure 5).
Overall, the evolution of capacity with the number of cycles
follows the same trend for the three different concentrations
with an initial increase of capacity followed by capacity fading.
The capacity of cells with 0.5 and 0.1 M concentrations
increases for about five cycles and then drops from 72 to 39
mAh g−1 and from 76 to 62 mAh g−1 that corresponds to 55
and 81% of capacity retention after 50 cycles, respectively. The
0.05 M cell tend to display the best performance in term of
stability as we observe a capacity retention of 92% after the
stabilization and a capacity of 60 mAh g−1 after 50 cycles.
Moreover, the study of the Coulombic efficiency indicates that
for both 0.5 and 0.1 M cells, it takes, respectively, 32 and 22
cycles to reach a Coulombic efficiency of 98%, while it takes
only four cycles for the 0.05 M cell to surpass 98%. The initial
capacity increase may be ascribed to electrode wettability
increase and/or an initial modification of the electrode
microstructure, while the loss of capacity can be ascribed to
the irregular growth of the passive layer over time that affects
the porosity and overall ionic transport. Therefore, decreasing

Figure 4. (a) Normalized voltage versus capacity profiles (third cycle)
and (b) discharge capacities vs cycle number (Coulombic efficiencies
in empty squares) of PNTCDA electrodes in (blue) 0.05 M, (red) 0.1
M, and (black) 0.5 M Mg(TFSI)2 in EC:PC.

Figure 5. SEM images of PNTCDA electrodes as prepared (pristine)
or stopped after 50 cycles (end of reduction) in 0.05, 0.1, or 0.5 M
Mg(TFSI)2 in EC:PC.

ACS Applied Energy Materials www.acsaem.org Article

https://doi.org/10.1021/acsaem.3c00969
ACS Appl. Energy Mater. 2023, 6, 7250−7257

7254

https://pubs.acs.org/doi/suppl/10.1021/acsaem.3c00969/suppl_file/ae3c00969_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsaem.3c00969?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.3c00969?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.3c00969?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.3c00969?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.3c00969?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.3c00969?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.3c00969?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.3c00969?fig=fig5&ref=pdf
www.acsaem.org?ref=pdf
https://doi.org/10.1021/acsaem.3c00969?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


the concentration clearly improves the system stability and
may be also related to the decreased concentration of ion-pairs
in diluted electrolytes. Indeed, a high proportion of ion-pairs
may favor the formation of this passive layer as it would bring
TFSI anions as [Mg(TFSI)]+ complexes in larger quantities at
the electrode surface. Moreover, a high proportion of ion-pairs
may also yield the coordination of Mg2+ and TFSI− species in
the electrode structure that would negatively affect the
accessibility of the carbonyl sites, and together with the
passive layer formation, it would explain why cells with a
divalent cation, particularly Mg2+, have lower capacities than
monovalent cation-based cells (Figure 3). Finally, the
formation of ion-pairs implies active cation with lower charge
density and, as discussed previously, should result in lower
operation potential of the PNTCDA electrode. The fact that
the operation potential increases from about −0.5 to −0.4 V vs
Ag/Ag2S when the salt concentration is decreased from 0.5 to
0.05 M (Figure 4a) also indicates that the operation potential
can be tuned depending on the solvation structure of a given
cation, with fully dissociated salt promoting high operation
potential. Such a modified operation potential depending on
the solvation structure of cations was highlighted previously by
Ernould et al. and constitutes a promising strategy to raise the
cell voltage and thus the energy density.51

■ CONCLUSIONS
A comparative study has been carried out on polyimide
cathodes in Li, Na, Mg, and Ca cells. Operando FTIR
spectroscopy allowed assessing the reversible mechanism for
the conversion of redox-active carbonyl groups via enolation/
carbonylation reactions. GCPL traces and CVs are consistent
with a two-step redox reaction involving the successive
formation of a radical anion and then a dianion as suggested
previously for quinones or polyquinones. Remarkable capacity
and capacity retention in Li and Na based electrolytes (>135
mAh g−1 at C/2) and promising electrochemical performances
in divalent cells (90 and 45 mAh g−1, respectively for Ca2+ and
Mg2+ at C/2) were recorded.
The larger divalent cation solvation shell due to higher

coordination number and higher tendency to form ion-pairs
may explain the discrepancy between monovalent and divalent
capacities, with Mg cell having the lowest capacity as contact
ion-pair formation is known to be exacerbated compared with
other cations. Such a difference in the cation solvation
structure also results in more significant electrode swelling
and an initial capacity increase during the first few cycles
(activation period) with divalent cation-based electrolytes.
While the origin of this activation period remains unclear and
requires further investigation, we believe it can be related to
electrode wetting issues and ionic path improvement over
time, with divalent cation complexes (larger than Li and Na
ones) requiring more important polymer structural evolution
in order to facilitate the access to the redox centers. Therefore,
it is expected that careful cation solvation shell engineering,
aiming at more compact cation complexes, could be beneficial
in terms of material utilization (specific capacity).
All cells present rather small voltage hysteresis being only

slightly affected by the C-rate, resulting in excellent rate
capability as well as good Coulombic efficiencies with 96% for
Li+ and Mg2+ cells and 99% for Na and Ca. Such performances
are highly encouraging, especially for the development of Ca
and Mg based batteries for which achieving satisfactory
performance is still extremely challenging. In particular, these

performances are far superior when compared to the
traditional inorganic and advanced organic electrode in Ca-
ion cells.
A positive shift in the redox potential was observed with

increasing strength of the cation-enolate binding, and therefore
moving from monovalent to divalent cations can result in a
positive gain in terms of battery output voltage and thus energy
density. However, such a benefit is hindered by ion-pair
formation as it limits the cation-enolate binding strength. This
is particularly detrimental for Mg-based electrolytes because of
the high charge density of Mg2+. Furthermore, the salt
concentration significantly impacts the average charge/
discharge potential as lowering the salt concentration favorably
limits the ion-pair formation. Most importantly, decreasing the
salt concentration in Mg cells also greatly improves the
cyclability, with a high degree of ion-pairs favoring anion
decomposition and passivation layer formation.
Overall, this work highlights various promising strategies for

the development of Ca and Mg organic-based cathodes with
improved capacity, cycle life, and operating potential.
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