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ABSTRACT 

The development of calcium batteries remains a grand challenge because of the lack 

of appropriate cathodes and electrolytes as well as their compatibility with promising 

anodes. Herein, we probe the electrolyte chemistry for realizing an advanced organic 

polymer cathode, polytriphenylamine (PTPAn), and demonstrate the potential of 

building reliable Ca-based dual ion batteries in both organic and aqueous electrolytes. 

Complementary experimental and theoretical studies reveal that the cathode reaction 

mechanism lies in the reversible combination/release of anions with N active sites in 

PTPAn, leading to a capacity of 88 mAh g-1 with an average voltage of 3.8 V (vs. 

Ca/Ca2+) at 0.1 A g-1. Coupling with a graphite anode in Ca(TFSI)2/tetraglyme 

electrolytes, the graphite|PTPAn full cell shows a decent voltage of 2.45 V. It exhibits 

superior stability of over 2000 cycles with extremely fast kinetics up to 50C rate. 

Interestingly, PTPAn is also highly compatible with 6.25 M Ca(TFSI)2/H2O 

electrolytes, allowing the construction of an all-organic aqueous calcium-based dual 

ion battery by coupling with a 3,4,9,10-perylene-tetracarboxylic-diimide anode. This 

study demonstrates the potential of building ultra-stable Ca batteries through 
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anion-hosting cathodes coupled with customized electrolyte chemistry. 

Keywords: Calcium batteries; Cathode; Anion combination/release; Non-aqueous; 

Aqueous. 

1. Introduction

Lithium ion batteries (LIBs) have been widely used in our daily life, such as 

portable electronic devices and electric vehicle. However, the scarcity of lithium 

sources limits the development of LIBs as a large-scale energy storage system. Na and 

K ion batteries can circumvent this challenge due to their abundant reserves, but their 

higher redox potentials inevitably lead to the reduced energy density [1-5]. Different 

from these monovalent ion batteries, multivalent ion batteries (i.e., Ca, Mg, Al), 

possessing multi-electron redox chemistry, are regarded as promising candidates to 

bring about potential energy benefits [6,7]. In particular, Ca-based batteries are prized 

for natural abundance of Ca element and lower redox potential of Ca/Ca2+ (-2.87 V vs. 

standard hydrogen electrode) than other metal (-2.37 V of Mg/Mg2+, -1.66 V of 

Al/Al3+, -0.76 V of Zn/Zn2+) [8-10], beneficial to achieving high-voltage full battery 

[11,12]. At the current stage, the development is significantly hindered by lacking 

suitable electrodes [13-19]. The formation of Ca2+-blocking solid electrolyte 

interphase restricts the Ca metal anode design, which has been partly resolved through 

the electrolyte formulation optimizations and the utilization of Ca2+-intercalation 

graphite anode as well as most recent reported Ca-tin composite strategy [20-29]. 

Turning to the cathodes, most of the candidates are derived from the Li-based analogs, 

but they suffer partly from poor cyclic stability and rate capability due to the 
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accelerated structural degradation and the sluggish diffusion kinetics induced by large 

ionic radius and divalent Ca2+ [30-45]. More critically, the distinct electrolytes 

required for the cathodes and anodes make the construction of stable and high-voltage 

calcium batteries a great challenge.   

Ca-based dual ion batteries (CDIBs) employing an anion storage cathode are 

promising to circumvent the above issues since the anion insertion is characteristic of 

good reversibility, fast kinetics and high operating voltage [46]. Nevertheless, the 

anion insertion cathode has rarely been investigated in CDIBs systems except for 

graphite material. Tang’s group demonstrates that the PF6
- anion can be reversibly 

intercalated/de-intercalated into graphite cathode, giving an exceptional capacity of 

~75 mAh g-1 for over 350 cycles [47-49]. The anion intercalation at high voltages (up 

to 5 V) in graphite cathode inevitably triggers the electrolyte decomposition, 

necessitating further improvements by designing stable cathode-electrolyte interphase. 

Organic compounds, such as polytriphenylamine (PTPAn) and polyaniline, are also 

attractive candidates for hosting anions. Their flexible framework allows reversible 

anion uptake at rapid kinetics without significant structural deformation [50]. 

Although PTPAn material has been reported as the cathode for alkali-metal batteries, 

a simple extrapolation from mono- to multiple-valence ion battery systems is not 

sufficient because of the distinct salt/solvent chemistry that also plays a crucial role 

[29]. This is evidenced by the brief comparison between Li and Ca systems (Fig. S1). 

Furthermore, Wu’s group reports several exceptional polyimides-based anodes and 

matches them with the PTPAn cathode to fabricate a 0.9 V CDIB in 
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Ca(ClO4)2/acetonitrile electrolyte [51]. Nevertheless, the incompatibility of 

acetonitrile-based electrolyte with low-potential anodes limits the energy density of 

the cell. Moreover, the detailed anion insertion chemistry in PTPAn remains largely 

unexplored. 

Because of the poor reversibility of Ca metal and alloy anodes at this stage, 

graphite is almost the sole candidate accepting Ca2+ at an appropriate potential of 0.7 

V with decent Coulombic efficiency (CE) during cycling. Graphite anode is only 

possible through solvent co-intercalation, curbing the electrolytes to very limited 

candidates, such as tetraglyme (G4) and dimethylacetamide (DMAc)-derived ones 

[27,28]. Considering the poor oxidation stability of DMAc, we focus on the G4 

solvent and investigate anion effect (i.e., BF4
-, FSI- and TFSI-) on the electrochemical 

behavior in PTPAn cathode for building high-voltage and ultra-stable CDIBs. It is 

observed that electrochemical performance is highly related to anion types owing to 

distinct diffusion energy barriers and binding energies. The reversible redox process 

between C-N and positively charged C=N+ during the charge/discharge process is 

responsible for the capturing/releasing of anions, as revealed by the complementary 

physicochemical characterizations and theoretical calculations. The graphite|PTPAn 

CDIB in Ca(TFSI)2 electrolyte delivers a 2.45 V output voltage with a superior rate 

capability (50C rate, 1C = 0.1 A g-1) and long-term cycle stability (2000 cycles) at 

both 25 and 0 oC. Considering the appropriate redox potential of the PTPAn, we 

extend the study to the aqueous electrolytes by coupling with an organic anode, 

demonstrating the potential to build sustainable and high-safety aqueous CDIBs. 
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2. Experimental 

2.1. Synthesis of PTPAn 

PTPAn powders were synthesized by polymerizing triphenylamine (TPA) under 

an Ar atmosphere. Specifically, a total of 0.1 mol FeCl3 (0.025 mol for every hour) 

was added into 100 mL 0.25 M of TPA-chloroform (CHCl3) dispersed solution. After 

4-hour reaction, 50 mL of methanol were introduced into the mixture to deposit the 

PTPAn powders, followed by filtration and washing with methanol three times. The 

resultant products were further purified through re-dissolving in CHCl3 to filtrate 

insoluble impurities. The final PTPAn powders were obtained by adding a mixture of 

acetone and 5% aqueous ammonia into the remaining filtrate, filtrating and drying the 

precipitation at 40 oC under vacuum. 

2.2. Preparation of electrodes 

Aluminum foil (20 μm, 99.6%), copper foil (22 μm, 99.99%) and stainless-steel 

foil (30 μm) are purchased from Canrd Technology Co., Ltd. A slurry containing 60% 

PTPAn powder, 30% acetylene blacks and 10% poly(1,1-difluoroethylene) (PVDF) in 

N-methyl pyrrolidone (NMP) was cast onto Al foil and dried at 80 oC under vacuum 

for 12 h. The average mass loading of the PTPAn electrode is about 0.8 mg cm-2 and 

the thickness is 72 μm, the apparent electrode density is 0.11 g cm-3. Graphite (KS6 

from Timrex) and PTCDI (Aldrich) were mixed with acetylene blacks and PVDF in 

the mass ration of 90:5:5 and 5:3:2, dispersed in NMP to form slurries for preparing 

the corresponding electrodes. The obtained graphite slurry was then cast onto Cu foil, 

while PTCDI slurry was cast onto a stainless-steel foil and dried at 80 oC under 
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vacuum. The average mass loading and thickness of the as-prepared graphite 

electrode are about 2 mg cm-2 and 129 μm, respectively. The PTCDI film can be 

easily peeled from stainless-steel foil to form a freestanding electrode. The average 

mass loading of PTCDI electrode is 0.8 mg cm-2 and its thickness is 114 μm. The 

diameters of all electrodes in this work are 12 mm. 

2.3. Characterizations 

The morphologies of PTPAn powders and electrodes were obtained using 

scanning electron microscopy (SEM, TESCAN MAIA3) and transmission electron 

microscopy (TEM, JEOL 2010F). Raman spectra were collected by a Witec-Confocal 

Raman system (UHTS 600 SMFC VIS) using an excitation wavelength of 532 nm. 

The XRD patterns and XPS spectra of obtained materials were respectively acquired 

with the Rigaku Smartlab diffractometer and Termo Scientific K-Alpha X-ray 

photoelectron spectrometer system. For the ex-situ Raman and XPS test, coin cells are 

disassembled in a glovebox after charging/discharging to specific states. The XPS 

samples were washed by G4 solvent and sealed in a vacuum transfer holder to avoid 

air exposure. Attenuated total reflection-Fourier transform infrared spectroscopy 

(ATR-FTIR) spectra were recorded with the Nicolet IS50 FTIR spectrometer. 

Solid-state 19F magic angle spinning (MAS) NMR experiments were performed on 

Bruker 600 MHz spectrometer (AVANCE NEO) at a Larmor frequency of 564.79 

MHz in a 3.2 mm probe. The spinning rate was set as 16 kHz for all measurements. A 

single pulse with length of 2.65 μs was used for polarizing 19F magnetization. The 

spectra were calibrated to ammonium trifluoroacetate powder at -74.6 ppm. 
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2.4. Electrochemical measurements 

Four types of electrolytes were prepared, including 1 M calcium 

bis(trifluoromethanesulfonyl)imide (Ca(TFSI)2) in G4, 1 M calcium 

bis(fluorosulfonyl)imide (Ca(FSI)2) in G4, 1 M calcium tetrafluoroborate (Ca(BF4)2) 

in G4 and 6.25 M Ca(TFSI)2 in deionized water. CR2032 coin cells were assembled 

using the PTPAn as working electrode and the commercial AC as counter/reference 

electrodes. The separator was a glass fiber membrane (GF-D, Whatman) with a 

thickness of 675 μm and a pore diameter of 2.7 μm. Non-aqueous batteries were 

assembled in a glove box where the content of O2 and H2O is below 0.1 ppm. The 

amount of electrolyte in each cell was 140 μL. The cyclic stability tests were 

conducted by a Neware battery testing system (CT-4008T). Cyclic voltammetry (CV) 

measurements were performed by the BioLogic electrochemical workstation (VSP). 

The potential of Ag/Ag+ electrode was calibrated by a Fc/Fc+ redox couple and used 

to determine the voltage of AC vs. Ca/Ca2+. The electrochemical performance of 

batteries was conducted in environmental chambers at different temperatures (50, 25, 

0, -25 oC). The temperature variation during the test was controlled to be less than 1 

oC. The electrochemical stability window of aqueous electrolytes was determined by 

LSV in a three-electrode system, in which stainless-steel serves as the working 

electrode, Pt foil as the counter electrode and SCE as the reference electrode. The area 

of the working electrode is 1.13 cm2. Electrochemical impedance spectroscopy (EIS, 

from 105 to 10-1 Hz and potential amplitude of 5 mV) of stainless steel/stainless steel 

cells was conducted to determine ionic conductivities of electrolytes. The ionic 
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conductivities are calculated according to 𝜎 = L/A∗R, where R is the measured 

resistance, L represents the distance between the electrodes and A is the area of the 

electrodes. The electrochemical tests were repeated under the same condition to verify 

the reproducibility of the results. 

2.5. Computational details 

Periodic density functional theory (DFT) calculations were performed in VASP 

code [52,53]. Generalized gradient approximation (GGA) with the 

Perdew-Burke-Ernzerhof (PBE) flavor [54] was used. For geometry optimization, the 

plane-wave cut-off energy of 500 eV was set. The Brillouin-zone was sampled using 

3×2×1 k-points grid. The convergence criteria for energy and force were set to be 10-5 

eV and 0.01 eV Å-1, respectively. The van der Waals interaction was considered by 

using the DFT-D3 [55] approach. The climbing image nudged elastic band (CI-NEB) 

method [56] was applied to calculate the diffusion energy barriers. Ab initio 

molecular dynamics (AIMD) simulations [57] with NVT ensemble were performed at 

300 K with the time step of 2 fs.  

The binding energy of anion X- incorporated into PTPAn was defined as: 

Eb = E(PTPAn[Xm])-E(PTPAn[Xm-1])-E(X-)             (1) 

Desolvation energies Edesolv were calculated in ORCA package [58]. The geometric 

optimization, single-point energies and solvation energies were calculated under the 

B3LYP-D3BJ/6-311G*, B2PLYP-D3BJ/def2-TZVP and M06-2X/6-31G* levels, 

respectively [59-64]. Implicit solvent model was included in the calculations [65].  

The inserted voltage of anion X- versus Ca/Ca2+ was calculated by: 
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                 Vins = 
E(PTPAn[X]m)-E(PTPAn[X]m-1)-[Egas(CaX2)-E(Ca)]/2+Edesolv(X-)

e
         (2) 

where m is the number of inserted anions, E(PTPAn[X]m), Egas(CaX2) and E(Ca) 

represent the energies of PTPAn with anions inserted, gas-phase CaX2, Ca atom in the 

most stable bulk phase, respectively, and e represents elementary charge.  

 

3. Results and discussion 

3.1. The anion effect on the electrochemical performance of PTPAn 

PTPAn is fabricated by the chemical oxidation polymerization of monomer 

triphenylamine (TPA) employing ferric chloride (FeCl3) as a Lewis acid catalyst in 

chloroform (CHCl3). The optimized quasi-2D PTPAn structures consist of TPA units 

that are linked with each other by para-substitution. In a TPA unit, three benzene rings 

are rotated in different planes, exhibiting a distorted structure instead of a flat 2D one, 

as revealed by the density functional theory (DFT) structural relaxation with a 

conjugate gradient algorithm (Fig. 1a). To further investigate the thermal stability of 

PTPAn system, the ab initio molecular dynamics (AIMD) simulations with Nose´–

Hoover thermostat for NVT ensemble are performed at 300 K with a time step of 2 fs 

and the total simulation time is set as 15 ps. No obvious structural reconstructions are 

noticed as the total energy of the system oscillates around the equilibrium values after 

the equilibrium time, indicating its stability at room temperature (Fig. S2). Fourier 

transform infrared spectroscopy (FTIR) spectra detect a new peak at 819 cm-1 

attributed to C-H out-of-plane vibration after reaction, verifying the formation of 

1,4-disubstituted benzene rings and the successful polymerization of TPA units (Fig. 
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S3a) [66]. Raman spectroscopy is conducted to further examine the structure of 

PTPAn. The characteristic peaks of the mono-substituted rings of TPA at 1001 and 

1033 cm-1 almost disappear after polymerization, indicating the formation of PTPAn 

(Fig. S3b) [67]. The polymer shows a porous structure consisting of microsized sheets 

(Fig. S4). X-ray diffraction (XRD) patterns with a broad peak at 18o (2θ) demonstrate 

the amorphous nature of as-synthesized PTPAn (Fig. S5a), which is further confirmed 

by the electron diffraction pattern (Fig. S6).  

As an anion storage material, the anion categories would highly affect the storage 

behavior and electrochemical performance of the PTPAn. Three commercially 

available salts, i.e., Ca(BF4)2, Ca(FSI)2 and Ca(TFSI)2, are selected to investigate the 

anion effect because of their relatively high solubility that is essential to achieving 

high energy density in dual ion batteries. G4 is selected as the solvent since the Ca2+ 

intercalation in graphite anode is only possible with solvent co-intercalation under 

several special electrolytes, where the G4-based one shows a wide electrochemical 

window for building high-voltage cells (Fig. S7) [27,28]. The performance of PTPAn 

in Ca(BF4)2, Ca(FSI)2 and Ca(TFSI)2 electrolytes are compared in Fig. 1b. PTPAn 

delivers the best performance in Ca(TFSI)2 electrolyte, i.e., capacity retention of 88% 

at 50C (with respect to the value at 1C), and 82% after 2000 cycles (Fig. S8-12). By 

sharp contrast, Ca(BF4)2-based one only maintains 13% and 41% (after 300 cycles) 

under the same conditions.  

The above observations prove the remarkable effect of anions and pose a question 

about which anion properties account for such a huge distinction. We first examine 
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the electrolyte properties. The comparable ionic conductivities of three electrolytes 

indicate mass transfer has a negligible effect on the performance difference (Fig. 1c 

and Fig. S13). We then explore the diffusion difference of anions in PTPAn by 

measuring diffusion coefficients (galvanostatic intermittent titration technique) and 

calculating diffusion energy barriers through DFT calculations (Fig. 1d and Fig. S14). 

TFSI- anion delivers the highest diffusion coefficient and lowest energy barrier, which 

is possibly responsible for the superior rate performance of PTPAn in Ca(TFSI)2-G4 

electrolyte. Besides the anion diffusion, the associating process between anions and 

PTPAn would also affect the kinetics. As shown in Fig. 1e, the binding energies of 

PTPAn+·TFSI-, PTPAn+·FSI-, and PTPAn+·BF4
- are calculated to be -2.13, -2.32 and 

-3.71 eV, respectively. This indicates that the release of BF4
- from the PTPAn is very 

tough compared with TFSI- and FSI-, leading to poor cyclic stability [68]. In short, 

TFSI- anion enables the best performance owing to the fast diffusion process and low 

binding energy.  
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Fig. 1. The anion effect on the performance of PTPAn cathode. (a) Schematic 

illustration of the polymerization process of TPA. (b) The comparison on cycle life 

and rate performance of PTPAn in different electrolytes. (c) The comparison of ionic 

conductivity of three electrolytes. (d) Calculated diffusion energy barriers of anions in 

PTPAn. (e) Calculated binding energies between anions and PTPAn. 

3.2. Electrochemical behavior of PTPAn in Ca(TFSI)2-G4 electrolytes  
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We then focus on Ca(TFSI)2-G4 electrolytes to systematically investigate the 

electrochemical behavior of PTPAn. The water content in the electrolyte is 41 ppm, as 

determined by the Karl-Fischer method. Activated carbon (AC) is employed as 

counter/reference electrodes due to the irreversible Ca plating/stripping in common 

electrolytes. The voltage of AC electrode is calibrated by a ferrocene/ferrocenium 

(Fc/Fc+) redox couple to be around 3.1 V vs. Ca/Ca2+ (Fig. S15) [39]. As shown in 

Fig. 2a, the PTPAn cathode delivers a specific capacity of 88 mAh g-1 with an initial 

CE of 80% and rapid increase to 99%, indicating excellent reversibility. The slightly 

low initial CE should be due to the minor amount of electrolyte decomposition and 

irreversible TFSI- stored in PTPAn during the first cycle, as revealed by the S 2p 

X-ray photoelectron spectrometry (XPS) spectrum where a weak S signal presents in 

the fully discharged PTPAn (Fig. S16a). Besides, other irreversible reactions may 

occur, including further electro-polymerization of the TPA oligomer [69]. The sloping 

voltage profiles of the PTPAn cathode exhibit an average discharge potential of 3.8 V 

vs. Ca/Ca2+ (Fig. 2b). The rate performance of the PTPAn cathode is investigated by 

increasing the specific currents from 0.1 to an ultra-high value of 10 A g-1, 

corresponding to about 100C rate (Fig. 2c). The discharge capacity remains almost the 

initial value without any loss from 0.1 to 1 A g-1. When the specific current further 

increases to 2, 3, 5 and 10 A g-1, the PTPAn delivers specific capacities of 86, 85, 77 

and 55 mAh g-1, respectively, suggesting a prominent rate performance and fast anion 

diffusion in the cathode.  

The reaction kinetics of the PTPAn cathode is explored by cyclic voltammetry (CV) 
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measurement under different scan rates (v) from 0.2 to 1 mV s-1 (Fig. 2f). The CV 

curves consist of two pairs of peaks at around 3.77/3.66 and 4.09/3.99 V vs. Ca/Ca2+, 

corresponding to the TFSI- storage in the two N sites, which will be discussed later. 

The relationship between the peak current (i) and v is fitted with the formula of i = 

avb, where a and b are constants for probing the reaction kinetics. A b value of around 

0.5 reveals a diffusion-controlled process, while the b value approaching 1 signifies a 

pseudo-capacitive controlled behavior [70]. As shown in Fig. 2g, the b values of all 

peaks are greater than 0.9, indicating a pseudo-capacitive characteristic that explains 

the fast diffusion of anions in the PTPAn cathode. The pseudo-capacitive contribution 

in the total capacity is determined by i = k1v+k2v
1/2, where k1v represent 

pseudo-capacitive process and k2v
1/2 is diffusion-controlled process. As shown in Fig. 

S17, the pseudo-capacitive contribution ratios of the PTPAn cathode increase from 

93.6% to 97.0% with the scan rate rising from 0.2 to 1.0 mV s−1, further reflecting that 

the pseudo-capacitive contribution holds dominant position. The long-term cyclic 

stability of the PTPAn cathode is verified under a large specific current of 1 A g-1 at 

25 oC (Fig. 2d). It is a delight to find that a stable electrode/electrolyte interface is 

presented, as evidenced by the nearly unchanged interfacial resistance before and after 

cycling (Fig. S18). The electrode delivers a reversible capacity of 67 mAh g-1 after 

2000 cycles, corresponding to a capacity retention of 82%, which is rarely achieved in 

other reported cathodes (Table S1).  

Realizing low-temperature operation for available inorganic cathodes remains 

challenging due to the sluggish kinetics caused by the low Ca2+ diffusion coefficient. 



15 
 

On the contrary, the PTPAn cathode undergoes an anion-hosting reaction assuring fast 

reaction kinetics, which makes it possible for working at low temperatures. As shown 

in Fig. 2e, the PTPAn cathode provides a comparable capacity and excellent stability 

at 0 oC as that at 25 oC. Excitingly, at -25 oC, it can still deliver a specific capacity of 

80 mAh g-1 at 0.1 A g-1 and stably run for over 300 cycles. A superior cycling 

performance at 50 oC is also demonstrated, making the PTPAn a potential cathode for 

wide-temperature CDIBs. Fig. 2h and Table S1 summarize the performance of the 

state-of-the-art reported cathodes for Ca-based batteries, where the PTPAn cathode 

shows the best overall performance considering the cyclic stability, specific capacity, 

average voltage, and rate capability.  
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Fig. 2. Electrochemical performance of PTPAn in Ca(TFSI)2-G4 electrolyte. (a) 

Cycling performance at 0.1 A g-1. (b) Voltage profiles and (c) rate performance under 

different specific currents. Long-term cyclic stability at (d) 25 oC and (e) -25, 0 and 

50 oC. (f) CV curves at various scan rates. (g) The b-values fitted by the peak current 

and scan rate. (h) Comparison with reported cathodes in terms of cycle life, average 

discharge voltage, specific capacity and highest rate. The reproduxibility of the results 

has been confirmed by repeated tests under the same condition. 
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bind near the N center [71]. Ex-situ Raman spectra of the PTPAn cathode are 

collected at different discharge/charge states (Fig. 3b). As shown in Fig. 3c, three 

peaks at 1175, 1288 and 1606 cm-1 correspond to C-H bending vibration, C-N 

stretching and C=C ring stretching in the pristine PTPAn [72]. Upon charging, a new 

peak assigned to SO2 asymmetric stretching in TFSI- anions appears at about 1320 

cm-1, which becomes more intense with the increase in the charging depth [73]. At the 

same time, the peak intensity at 1606 cm-1, corresponding to C=C stretching of 

benzene ring, gradually decreases. A new peak located at 1570 cm-1 appears and 

grows with charging depth, which is associated with the formation of quinoid ring 

during charge process [74]. A reversible structural evolution is detected during 

discharging. The characteristic peak of TFSI- at 1320 cm-1 disappears and the peak at 

1606 cm-1 recovers its original intensity when fully discharged owing to the release of 

TFSI-. The observation is confirmed by ex-situ FTIR (Fig. 3d). Specifically, increased 

intensities are detected for the new C=N+ (1550 cm-1) and SO2 asymmetric vibration 

(νaSO2, 1349 cm-1) during charging, revealing the formation of the charged C=N+ and 

following combination with TFSI- in PTPAn [75,76]. Meanwhile, the peak at 1515 

cm-1 indicates the formation of the quinoid structure. The characteristic peak of TFSI- 

almost vanish after fully discharging. These results imply a good reversibility of the 

PTPAn cathode. The existence of the reaction between TFSI- species and PTPAn is 

further proved by the solution-state and solid-state 19F NMR spectroscopy, where the 

charged PTPAn cathode shows an obvious signal at about -79.2 ppm corresponding to 

TFSI- anion (Fig. S19). 

We employ ex-situ XPS to further probe the redox chemistry of the PTPAn cathode 

at different electrochemical states. A peak at 400 eV corresponding to the C-N bond is 

detected in N 1s XPS spectrum of the initial PTPAn (Fig. 3e). With continuous 
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charging, a new peak with increased intensity is observed at 401.5 eV, assigned to the 

formation of the TFSI-/C=N+ compound. During discharging, this peak gradually 

becomes weaker and almost disappears due to the reduction of C=N+ and the release 

of TFSI- from the PTPAn cathode. The S 2p and F 1s high-resolution spectra show a 

similar tendency, further confirming the TFSI- species in the PTPAn cathode (Fig. 

S16). The TFSI-/C=N+ in N 1s and S 2p signals are also detected after surface etching 

for 100 s, indicating that the reaction not only occurs on the cathode surface (Fig. 

S20). This observation agrees with the Brunauer-Emmett-Teller result indicating that 

PTPAn has a low surface area of 36 m2 g-1, making it hard to sustain a high capacity 

through surface reaction alone. The TFSI- capture/release could also be visualized by 

the elemental mapping of S, which is uniformly distributed on the charged electrode 

and almost disappears after discharging (Fig. S21). To understand the detailed 

reaction pathway of the PTPAn, we calculate the reaction potential determined as the 

Gibbs free energy differences between captured anions and solvated anions. Based on 

our model, the theoretical voltages of the association between TFSI- anions and 

PTPAn are calculated to be 3.63 and 3.96 V, consistent with experimental 

galvanostatic charge-discharge (GCD) and dQ/dV curves (Fig. 3f). 

The reaction mechanism of the PTPAn cathode has been confirmed by the above 

theoretical calculation and experimental characterizations, which are based on the 

electron loss/acceptance of N active centers in the PTPAn structure (Fig. 3g). TFSI- 

can be associated with the C=N+ generated in PTPAn during the oxidation process 

and released in the following reduction process, accompanied by the reduction of 
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C=N+ back to C-N. The CV curves of the PTPAn deliver two pairs of peaks (Fig. 2f). 

It is mainly associated with the formation of dimer by two TPA units in PTPAn. 

During the charging process, one of the TPA units first loses an electron to form a 

C=N+. The neighboring TPA unit subsequently loses another electron at a higher 

potential owing to the conjugation effects, resulting in the two redox couples in the 

CV curves [77,78]. 
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Fig. 3. Reaction mechanism. (a) Calculated ESP map of the PTPAn. Isosurface 

level: yellow (20 eV/Å3), blue (55 eV/Å3). (b) The voltage profile in Ca(TFSI)2-G4 

electrolyte. We mark the charge/discharge states at which the ex-situ FTIR patterns, 

Raman spectra and XPS patterns are collected. Ex-situ (c) Raman spectra, (d) FTIR 

spectra and (e) N 1s XPS spectra at selected potentials. (f) The calculated theoretical 

voltage, experimental GCD curve and dQ/dV curve of PTPAn with 1 M 

Ca(TFSI)2-G4 electrolyte. (g) Reaction mechanism of PTPAn. 

-0.4 0.0 0.4 0.8 1.2

0

30

60

90

120

D
isch

arge

T
im

e 
(m

in
)

Voltage (V vs. AC)

C
h

a
rg

e

A

B

C

D

E
F

1530 1360 1190

T
ra

n
sm

m
it

a
n

ce
 (

a
.u

.)

F

E

D

C

B

A

Initial

C=N+
quinoid ring

νaSO2

Wavenumber (cm-1)

1200 1400 1600 1800

F

E

D

C

B

A

Initial

benzene ring
quinoid ring

SO2

In
te

n
si

ty
 (

a
.u

.)

Raman shift (cm-1)

a b c

e fd

0 20 40 60 80 100

0.0

0.5

1.0

 GCD curve

 Computed voltage curves

Disc
harge

V
o
lt

a
g
e 

(V
 v

s.
 C

a
/C

a
2

+
)

V
o
lt

a
g
e 

(V
 v

s.
 A

C
)

Specific capacity (mAh g-1)

Charge

3.2

3.6

4.0

-280 -140 0 140 280

 dQ/dV curve

dQ/dV (mAh g-1·V-1)

406 404 402 400 398 396

In
te

n
si

ty
 (

a
.u

.)

Binding Energy (eV)

N-TFSI

C-N

Initial

A

B

C

D

E

F

g



21 
 

3.3. Construction of a full cell 

To achieve a high-voltage battery system, a graphite|PTPAn CDIB is constructed 

due to the low potential (0.7 V vs. Ca/Ca2+) of the graphite anode (Fig. 4a and Fig. 

S22) [27]. The voltage profiles of the PTPAn cathode, graphite anode and full cell are 

shown in Fig. 4b. The full cell delivers an average voltage of 2.45 V with a reversible 

capacity of 72 mAh g-1 at 0.3 A g-1. Besides, it presents a remarkable rate capability, 

as evidenced by high-capacity retention of 72% at 5 A g-1 (~50C rate), corresponding 

to about a half-minute charge/discharge period (Fig. 4c and d). Furthermore, such a 

full cell also exhibits outstanding cycling performance at both 25 and 0 oC (Fig. 4e), 

where reversible capacities of 44 and 40 mAh g-1 are achieved after 2000 cycles at a 

large specific current of 2 A g-1, respectively. It is noted that there is a gradual 

capacity raising in the initial several cycles caused by the activation of the electrodes 

at 0 oC. The prominent performance is among the best compared to other full cells 

(Table S2), confirming the superiority of the graphite|PTPAn full cell with excellent 

rate performance and long cycle life. 
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Fig. 4. The graphite|PTPAn full cell in Ca(TFSI)2-G4 electrolyte. (a) Schematic 

illustration of the full cell. (b) Voltage profiles of the PTPAn, graphite vs. Ca/Ca2+ 

and the full cell. (c) Voltage profiles and (d) rate performance under different specific 

currents (0.3, 0.5, 0.8, 1, 2, 3 and 5 A g-1). (e) Cycling performance under 2 A g-1 at 

25 and 0 oC. The capacities are based on the mass of the cathode and the N/P ratio is 

2.6. The reproduxibility of the results has been confirmed by repeated tests under the 

same conditions.  
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3.4. Exploration in aqueous system 

Considering the exceptional performance of the PTPAn cathode, we extend the 

research to the aqueous electrolytes for building high-safety aqueous Ca-based 

batteries, which attract rising attention recently [79-82]. We first expand the 

electrochemical window of the aqueous electrolyte to 2.2 V by using a high 

concentration electrolyte 6.25 M Ca(TFSI)2-H2O, which can satisfy the operation of 

the PTPAn cathode and 3,4,9,10-perylene-tetracarboxylic-diimide (PTCDI) anode 

(Fig. S23). The electrochemical behavior of the PTPAn is explored in half-cells with 

AC as the counter/reference electrode, which is calibrated to be ~3.28 V vs. Ca/Ca2+ 

using saturated calomel electrode (Fig. S24). As depicted in Fig. 5a, the PTPAn 

cathode delivers similar discharge/charge profiles and comparable capacity (88 mAh 

g-1 at 0.3 A g-1) with that in organic electrolytes, indicating the same reaction pathway 

in the two electrolytes. The PTPAn cathode provides appreciable specific capacities 

of 88, 86, 79, 70 and 54 mAh g-1 as specific current increases to 0.5, 1, 2, 3 and 5 A 

g-1, respectively (Fig. 5a and Fig. S25). In addition, PTPAn also exhibits decent cyclic 

stability in aqueous electrolyte (Fig. 5b).  

To demonstrate its practical aspect, a PTCDI anode is employed to couple with 

the PTPAn cathode to fabricate an aqueous full cell (Fig. 5c). The PTCDI anode 

delivers a specific capacity of 105 mAh g-1 and excellent cycle stability in the aqueous 

system (Fig. S26). As shown in Fig. 5d, the full cell provides a stable discharge 

capacity of 75 mAh g-1 with an output voltage of 0.75 V at a specific current of 0.1 A 
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g-1. The increasing capacity and CE in the initial cycles are likely to arise from the 

activation process of the PTCDI anode (Fig. S26a). 

 

Fig. 5. Electrochemical performance in aqueous system. (a) Voltage profiles of 

PTPAn under different specific currents. (b) Cyclic performance at 1 A g-1. (c) 

Schematic illustration of the PTCDI|PTPAn full cell. (d) The cyclic performance and 

voltage profile (inset) of the full cell at 0.1 A g-1. The N/P ratio of the full cell is 1.1.  
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clarified. Owing to the rapid diffusion and moderate binding of TFSI- anion in/with 

PTPAn, Ca(TFSI)2-G4 electrolyte enables the best rate capability and cyclic stability, 

i.e., capacity retention of 88% at 50C (with respect to the value at 1C), and 82% after 

2000 cycles. The assembled graphite|PTPAn full cell delivers a specific capacity of 72 

mAh g-1 at 0.3 A g-1 with an output voltage of 2.45 V. It also provides an excellent 

rate capability (capacity retention of 72% at 5 A g-1 vs. the capacity at 0.3 A g-1) and 

long cycle life (2000 cycles). Furthermore, the PTPAn cathode shows outstanding 

electrochemical performance in the aqueous electrolyte. A high-safety all-organic 

aqueous CDIB is demonstrated by coupling with a PTCDI anode. This work provides 

an alternative pathway toward high-rate and ultra-stable Ca-based batteries and a 

feasible direction to regulate the performance of CDIBs, which would also benefit 

other metal ion batteries relying on anion storage. 
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