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ABSTRACT: Divalent ion batteries (Mg2+, Ca2+) are promising candidates for next-

generation energy storage devices. However, divalent ions’ large radius and high charge 

density commonly lead to sluggish diffusion kinetics, resulting in an inferior capacity 

and rate capability. Herein, using an organic anode, 3,4,9,10-perylenetetracarboxylic 

diimide, as the model system, we report incorporating proton insertion with the metal 

ion to boost the reaction kinetics in aqueous electrolyte, as revealed by the combined 

spectroscopic analysis and theoretical simulations. The co-storage strategy enables an 

attractive specific capacity of 110 mAh g-1 at 0.2 A g-1 and capacity retention of 80% 

at 2 A g-1, compared to 60 mAh g-1 and 56% for single Mg2+ insertion in the Mg-ion 

battery. A similar phenomenon is observed in the Ca-ion system, thus allowing the 

stable cycling of 1.1 V-class aqueous Mg-/Ca-ion full cells for over 2000 cycles. This 

work suggests the great potential of building high-power and long-lifespan aqueous 

divalent ion batteries enabled by the proton-assisted storage behavior. 
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1. Introduction 

Owing to the merits of natural abundance and potentially high energy arising from 

two electron exchanges per ion, divalent magnesium and calcium-ion batteries (MIBs 

and CIBs) are considered as promising complements to Li-ion batteries.[1-5] 

Nevertheless, the development of MIBs and CIBs in organic electrolyte has been 

severely restricted by the poor kinetics at the interphases consisting mainly of the 

electrolyte decomposition products.[3, 6, 7] This challenge could be readily bypassed 

in aqueous electrolyte, which also brings about the benefits of low-cost, high safety and 

sustainability.[2, 8-10] To compensate the energy sacrifice arising from the narrow 

electrochemical window of aqueous electrolyte, high-capacity electrodes are being 

rigorously explored. 

Several types of cathode materials have been investigated for aqueous MIBs and 

CIBs, such as Prussian blue analogues,[11-14] Mg2MnO4,[15-18] MgFexMn2-xO4,[19] 

Mg/Ca-birnessite,[20, 21] polyanion species (MgxLiV2(PO4)3[22]) and metallic oxides 

(MnO2[23-25], V2O5[10, 26]). Progresses have also been made in the development of 

anode materials.[27] For example, conversion materials (S[28], Se[29]) and 

FeVO4·nH2O[30, 31] have been reported recently but deliver insufficient 

electrochemical performance due to Mg2+/Ca2+ sluggish diffusion and accelerated 

structural deterioration. Compared with the above inorganic electrodes, organic 

materials with highly flexible frameworks and unique ion coordination reactions show 

advantages in maintaining structural integrity.[32-39] Therefore, carbonyl and imine 
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organic compounds have been reported in MIBs and CIBs, delivering competitive 

electrochemical performance.[40-43]  

It is worth noting that protons (H+) could also serve as charge carriers in the 

aqueous system, as demonstrated in Zn-ion batteries.[33, 44-47] Benefiting from the 

Grotthuss conduction mechanism, H+ can move rapidly in aqueous electrolyte through 

the formation/breakage of the hydrogen bond.[9, 48-50] Furthermore, proton insertion 

has been observed in the CIB system with extraordinary stability.[37] Nevertheless, 

since the H+ insertion may compete with the Mg2+/Ca2+, whether H+ charge carrier 

brings about a positive or negative impact on the cyclic stability and rate capability of 

MIBs and CIBs remains unclear. Recently, a π-π aromatic stacking organic compound, 

3,4,9,10-perylenetetracarboxylic diimide (PTCDI) has been reported in divalent ion 

batteries.[51-54] We note that it shows a distinct electrochemical behavior in the 

organic and aqueous electrolytes, due possibly to the presence of H+ in the latter. 

Therefore, we adopt the PTCDI as a model electrode in this work to explore the H+ 

insertion behavior and its effect on the capacity and stability of Mg2+ and Ca2+ storage. 

Delightedly, we observe the simultaneous H+ and Mg2+ insertion/extraction in aqueous 

electrolyte, leading to an increased specific capacity from 60 to 110 mAh g-1 and rate 

retention from 56% to 80% at a large current density of 2 A g-1. Such an enhancement 

could be well extended to CIBs, providing a new avenue for boosting the energy of 

aqueous divalent ion batteries. 

2. Experimental section 

2.1 Materials and electrodes preparation 
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All chemicals involved in this manuscript were purchased and used as received 

without any further treatment. Commercial activated carbon (AC, YP80F) was 

purchased from Guangdong Canrd New Energy Technology Co., Ltd. A typical co-

precipitation method was employed to synthesize copper hexacyanoferrate (CuHCF) 

particles. 20 ml of 0.1 M Cu(NO3)2·3H2O (99%, Sigma-Aldrich) and 20 ml of 0.05 M 

K3Fe(CN)6 (99%, International Laboratory USA) were dropwise added into 60 ml 

deionized (DI) water under continuous stirring for 6 h at room temperature. The 

suspension was filtered, washed with DI water and ethanol several times, and dried for 

24 h. The electrodes were prepared by mixing the active materials (PTCDI (95%, 

Macklin) or CuHCF powders), acetylene blacks (Guangdong Canrd New Energy 

Technology Co., Ltd.) and poly(1,1-difluoroethylene) (PVDF, DoDo Chem) at a mass 

ratio of 5:3:2 and 7:2:1 in N-methyl pyrrolidone (NMP, Guangdong Canrd New Energy 

Technology Co., Ltd.) to form homogenous slurries, which were cast onto stainless-

steel and titanium foils, respectively. The electrodes were then dried at 80 oC under a 

vacuum. A freestanding PTCDI film was obtained after peeling from the stainless-steel 

foil. The magnesiated CuHCF (MgxCuHCF) was prepared in two steps. First, the 

CuHCF electrode was charged in 0.6 M K2SO4-H2O electrolyte to extract K+ and 

washed with DI water for several times. Subsequently, the electrode was 

electrochemically magnesiated in Mg(TFSI)2-H2O electrolyte to prepare the 

MgxCuHCF. 

2.2 Characterizations 
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The morphologies of materials were obtained by scanning electron microscopy 

(SEM, TESCAN VEGA3). Fourier transform infrared spectroscopy (FTIR) spectra 

were collected with the Nicolet IS50 FTIR spectrometer to explore the chemical 

evolution of electrodes. X-ray photoelectron spectrometry (XPS) was carried out using 

a Thermo Scientific K-Alpha X-ray photoelectron spectrometer system. The solid-state 

1H nuclear magnetic resonance (NMR) was measured on a Bruker 600 MHz 

spectrometer (AVANCE NEO). Inductively coupled plasma optical emission 

spectroscopy (ICP-OES) analysis was conducted by Agilent 720 ES. 

Thermogravimetric analysis was conducted by Rigaku TG-DTA8122. 

The electrochemical measurements and computational methods are provided in 

supporting information.  

3. Results and discussion 

3.1 Electrochemical behavior of PTCDI in non-aqueous and aqueous electrolytes 

The electrochemical performance of PTCDI is first evaluated in organic and 

aqueous MIBs. Figure 1a presents the charge/discharge curves of PTCDI in 1 M 

Mg(TFSI)2-EC/PC (ethylene carbonate/propylene carbonate with a volume ratio of 1:1) 

and H2O electrolytes at 0.2 A g-1. Owing to the poor reversibility of Mg 

plating/stripping in EC/PC-based electrolyte, AC is employed as the counter/reference 

electrode. The voltage of AC electrode is around 2.6 V and 2.9 V vs. Mg/Mg2+ in 

organic and aqueous electrolytes, respectively (Figure S1, S2).[55] In EC/PC-based 

electrolyte, PTCDI anode shows a sloping voltage profile with a specific capacity of 60 

mAh g-1 and discharge average voltage of 2.0 V vs. Mg/Mg2+, while a capacity of 110 
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mAh g-1 and 1.8 V average voltage are obtained in aqueous electrolyte. The low 

capacity in non-aqueous electrolyte originates from not only sluggish diffusion kinetics, 

but also the limited utilization of active groups induced by the spatial position 

restriction.[33, 56, 57] It is worth noting that PTCDI delivers distinct voltage profiles 

in two electrolytes. The non-aqueous one shows two plateaus, while the aqueous one 

presents four voltage plateaus, indicating a different ion storage mechanism in the two 

electrolytes, which is confirmed in the cyclic voltammetry (CV) curves (Figure S3). 

Besides, a superior rate performance is achieved in aqueous electrolyte. Specifically, 

the PTCDI anode delivers a capacity of 33 mAh g-1 at 2 A g-1, corresponding to 56% 

of that at 0.2 A g-1 in non-aqueous electrolyte (Figure 1b). By contrast, it shows a much 

higher capacity retention of 80% under 2 A g-1 in aqueous electrolyte (Figure 1c). Even 

under a challenging current density of 10 A g-1, it still sustains a decent discharge 

capacity of 65 mAh g-1 in 1 M Mg(TFSI)2-H2O electrolyte. After the current density 

restores to 0.2 A g-1, PTCDI delivers a slightly higher capacity than that in initial state, 

which may be related to the improved electrolyte wettability into electrode after high-

rate cycling.[58] 

Such a tremendous disparity in the rate capability of PTCDI under different 

electrolytes may be attributed to the ionic diffusion kinetics. Galvanostatic intermittent 

titration technique (GITT) is employed to calculate the ionic diffusion coefficients 

along the electrode. The apparent diffusion coefficients along PTCDI electrode in 

aqueous system are about an order of magnitude higher than that in organic counterpart 

(Figure 1d, Figure S4 and S5).[59] We also examine the cyclic stability of PTCDI at a 
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current density of 1 A g-1 in these two electrolytes. A capacity increase process is 

observed in the initial hundred cycles in organic electrolyte. It may relate to the slow 

kinetics of Mg2+ insertion in PTCDI, requiring long activation cycles. On the contrary, 

such an activation process almost disappears in aqueous electrolyte. The low initial 

Coulombic efficiency in aqueous electrolyte is primarily attributed to side reactions 

such as hydrogen evolution reaction, which is suppressed in the subsequent cycles 

(Figure S6).[60, 61] Impressively, H2O-based electrolyte enables a slight capacity 

decay after 1000 cycles with a capacity retention of 96%. It significantly outperforms 

the performance in the organic system, which shows a gradual capacity decline with 

78% retention after 1000 cycles (Figure 1e). The gradual capacity decline in organic 

electrolyte can be attributed to the dissolution of active materials during continuous 

cycling (Figure S7). In addition, the electrochemical performance of PTCDI under a 

higher mass loading of 2.9 mg is also explored, which provides a superior rate 

capability (62 mAh g-1 at 5 A g-1) and cycle stability (Figure S8). The thermal stability 

of aqueous electrolyte is demonstrated by thermogravimetry analysis (Figure S9), 

where the mass loss during heating process mainly associated with the water 

evaporation. Moreover, the stability of the electrolyte at a low temperature is proved by 

ionic conductivity and freeze measurement, which still provides a decent ionic 

conductivity (3.0 mS cm-1) at −15 oC (Figure S10). As a result, PTCDI anode provides 

comparable capacities at 0 oC and 60 oC as that at room temperature (Figure S11) 

because of the excellent kinetics. Even at a low temperature of −15 oC, it can still 

provide a capacity of 94 mAh g-1 at 0.1 A g-1 (Figure S12).  
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Figure 1. Electrochemical performance of PTCDI in MIBs. a) Voltage profiles in 1 M 

Mg(TFSI)2-H2O and 1 M Mg(TFSI)2-EC/PC electrolytes. b) Rate performance in 

organic electrolyte. The cell is pre-cycled at 0.1 A g-1 for 100 cycles to fully activate 

the electrode for fairly comparing the rate capability. c) Rate performance in aqueous 

electrolyte without activation. d) Charger diffusivity and e) cyclic performance in 

organic and aqueous electrolytes at 1 A g-1. 

3.2 Synergetic H+/Mg2+ co-storage mechanism and kinetics 

Knowing PTCDI anode exhibits totally distinct electrochemical behavior and 

performance in the two electrolytes, we then explore the underlying mechanisms. For 

an aqueous system, protons can act as potential charge carriers due to their small 

size.[44, 45, 49] It is conjectured that the extra redox peaks of PTCDI anode originate 

from H+ insertion in aqueous electrolyte. We collect the CV curves of PTCDI anode in 

the acid electrolyte (i.e., 0.1 M HTFSI in H2O), without the presence of Mg2+, to 

examine whether the H+ insertion exists. As shown in Figure 2a, three reduction peaks 

at 0.06, −0.37 and −0.64 V vs. Ag/AgCl are obtained in the HTFSI solution, proving 

the capability of storing H+ in PTCDI. Based on the Nernst equation, the CV curve in 
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a pH=6.1 solution (the same pH value with 1 M Mg(TFSI)2-H2O) is obtained by shifting 

−0.3 V of the curve in HTFSI solution (Equation S1-S4). The peak positions after 

shifting can partially overlap with the reduction peaks in Mg(TFSI)2-H2O electrolyte, 

suggesting the H+ insertion in the PTCDI. PTCDI can deliver only a part of capacity in 

acid solution, attributing to the limited electrochemical window of acid electrolytes 

(Figure S13).[62, 63] The hydrogen evolution reaction (HER) potential of Mg(TFSI)2-

H2O electrolyte is evaluated to be −1.13 V vs. Ag/AgCl (Figure S14). H+ insertion is 

further explored by 1H solid-state NMR of the PTCDI anode at different states in 1 M 

Mg(TFSI)2-H2O (Figure 2b). After discharging to −0.45 V (B point in Figure 2c), an 

additional weak peak at 4.2 ppm appears, indicating the insertion of H+ into PTCDI at 

the early stage of the discharge process. The amount of H+ increases after full discharge, 

as confirmed by the enhanced intensity of this peak.[64, 65]  

Besides H+ insertion in PTCDI, Mg2+ also involve in the charge storage process, as 

observed in Mg 1s XPS spectra under different states (Figure 2f). Mg signals gradually 

appear during the discharge process and almost vanish after full charge. In addition, we 

examine the Mg2+ content in the sample under different states by ICP-OES, which is 

used to calculate the capacity contribution from Mg2+ (Table S1). Under the discharge 

voltage of −0.45 V vs. Ag/AgCl, Mg2+ insertion provides a capacity of 23 mAh g-1, 

corresponding to 92% of the total capacity (Figure 2d), revealing a Mg2+-dominated 

storage process accompanied by a small amount of H+ insertion. As discharging 

proceeds to −0.9 V, the Mg2+ content increases, but its contribution reduces to 68% 

because of increased H+ storage. At the fully discharge state, the capacity provided by 
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H+ is around 43 mAh g-1, accounting for the capacity difference in the organic and 

aqueous electrolytes. These results are consistent with the Mg content per PTCDI 

obtained from elemental mappings (Figure S15 and Table S2). The above observations 

demonstrate simultaneous Mg2+ and H+ insertion in the PTCDI anode under aqueous 

electrolyte, where H+ storage contributes around 40% of the total capacity. The inserted 

protons may generate from electrolyte with weak acidic property and water dissociation 

in this system. The dissociation barrier for H2O on the surface of PTCDI (0.77 eV) is 

lower than that in vacuum state (6.91 eV), suggesting the possibility of the dissociation 

during discharge.  

The reaction mechanisms of PTCDI during cycling are probed by ex-situ FTIR and 

XPS under selected states. Figure 2g illustrates the O 1s XPS spectrum of pristine 

PTCDI, demonstrating the presence of C=O peak at 531.8 eV (Figure 2h). During 

discharging, the intensity of C=O groups gradually weakens, while a new peak at 533.1 

eV corresponding to C-O- groups appears and becomes more intense, suggesting an 

enolization reaction of C=O groups. During the subsequent charging process, the peak 

of C-O- almost disappears and the C=O peak recovers to its initial intensity due to the 

conversion of C-O- back to C=O. The observation is further confirmed by FTIR spectra 

(Figure 2e). During discharge, the stretching vibration of carbonyl group at ~1672 cm-

1 weakens and a new peak at ~1050 cm-1 (C-O-) is detected.[66, 67] Upon charging, a 

reverse conversion of C-O- to C=O is observed, as evidenced by the increase of C=O 

vibration at 1672 cm-1 and gradual decrease of C-O- peak at 1050 cm-1. 
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Figure 2. The charge storage mechanism of PTCDI anode. a) CV curves of PTCDI 

anode in 1 M Mg(TFSI)2-H2O and 0.1 M HTFSI-H2O at 1 mV s-1. b) 1H solid-state 

NMR spectra of pristine and discharged PTCDI. c) Galvanostatic charge/discharge 

(GCD) curves under 0.2 A g-1. We mark the charge/discharge states at which the ex-

situ FTIR and XPS patterns are collected. d) Calculated H+/Mg2+ capacity contribution 

at different states. e) Ex-situ FTIR spectra at selected potentials. f) Ex-situ Mg 1s XPS 

and g) O 1s XPS patterns at selected states. h) Chemical structure of PTCDI. 
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suggesting that C=O bonds are potential electrophilic centers to store cations (H+ or 

Mg2+), which is consistent with the ex-situ FTIR and XPS observations. A systematic 

investigation is performed to calculate the binding energy (ΔE) of various possible 

geometrical configurations that uptake H+ and Mg2+ step-by-step (Figure S16-S19). The 

PTCDI incorporates one Mg2+ initially with the strongest binding strength of −2.95 eV 

in the two-electron reaction. It absorbs two H+ in the subsequent reaction with ΔE 

values of −3.64 eV and −3.59 eV, respectively. The ΔE of H+ insertion is reduced after 

Mg2+ insertion into PTCDI, indicating the synergetic effect between them. It is 

concluded that PTCDI demonstrates a mixed H+/Mg2+-insertion process and results in 

the optimized insertion configuration in Figure 3b. The charge density difference 

distributions of inserted ions (single Mg2+ and H+/Mg2+) at the most favorable insertion 

site are discussed to further understand the insertion mechanism. As shown in Figure 

3c, the O-H and O-Mg bonds exhibit obviously charge transfer to the neighbor O-C 

bonds in PTCDI, indicating the strong interaction of H+ and Mg2+ with the PTCDI. The 

investigation of Mg2+ diffusion is a crucial task as it is closely linked to the rate 

capability of batteries. The climbing image nudged elastic band (CI-NEB) method is 

employed to investigate the pathway of Mg2+ from one energetically most favorable 

insertion site to a neighboring stable site within the PTCDI crystal. As illustrated in 

Figure 3d, the energy barriers associated with Mg2+ diffusion is approximately 0.78 eV, 

whereas the co-insertion of H+ can lower the energy barrier to 0.61 eV, thereby 

facilitating the diffusion of Mg2+ in the system. Figure 3e depicts the working 

mechanism of H+ co-insertion to enhance the electrochemical performance of PTCDI 
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anode. In non-aqueous electrolyte, pure Mg2+ storage shows characteristics of low 

capacity, poor rate capability and long activation process owing to limited utilization 

of active groups and sluggish diffusion kinetics. By contrast, the presence of H+ co-

insertion in the aqueous system brings about two benefits: i) rapid diffusion kinetics for 

superior rate capability; ii) a 40% capacity improvement by H+ coordination with un-

utilized active sites. It is a delight to find that the H+ insertion could contribute 

additional capacity while does not deteriorate the Mg2+ storage. 

 

Figure 3. Theoretical simulations of PTCDI anode. a) Calculated ESP map of PTCDI. 

b) Preferable H+/Mg2+-PTCDI insertion structure. c) The charge density difference 

distributions after Mg2+ and H+/Mg2+ insertion into the PTCDI, respectively. d) The 

diffusion energy barriers of Mg2+ in PTCDI and H+ co-inserted PTCDI. Inset shows the 

diffusion pathway of Mg2+ confined within the channel of PTCDI. The C, N, H, O and 

Mg atoms are represented in grey, blue, pink, red and orange, respectively. e) Schematic 

diagram of single Mg2+ and synergetic Mg2+ and H+ diffusion in PTCDI anode. 
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3.3 Construction of an aqueous full cell  

To demonstrate the practical application of PTCDI in aqueous system, a full battery 

is fabricated by coupling with a MgxCuHCF cathode. MgxCuHCF is prepared by 

electrochemical magnesiation of CuHCF, which is synthesized by a facile co-

precipitation method.[69] The Mg signals in elemental mappings and XPS spectrum of 

magnesiated CuHCF demonstrate the Mg2+ insertion (Figure S20 and 21). We first 

evaluate the performance of MgxCuHCF in aqueous MIBs. As shown in Figure S22, 

the capacity of MgxCuHCF decreases rapidly from 50 to 11 mAh g-1 after 500 cycles 

in 1 M Mg(TFSI)2-H2O electrolyte due to the dissolution of metal ions.[69] This can be 

suppressed by increasing the electrolyte concentration to 3 M. PTCDI anode shows a 

similar voltage profile and comparable capacity in 3 M aqueous electrolyte with that in 

1 M one (Figure S23); thus the full cell is fabricated in 3 M aqueous electrolyte. 

According to the CV curves of PTCDI anode and MgxCuHCF cathode, the full cell is 

charged/discharged between 0-2.3 V (Figure 4b). The assembled battery delivers a 

specific capacity of 96 mAh g-1 with an output voltage of ~1.1 V (Figure 4c). Specific 

capacities of 89, 86, 84, 83, 79, 73 and 72 mAh g-1 are achieved at 0.5, 1, 2, 3, 5, 8 and 

10 A g-1, respectively, exhibiting a remarkable rate capability (Figure 4c and d). In 

addition, the full cell can also perform well at low temperatures, which provides 77 and 

54 mAh g-1 at 0 and −15 oC, respectively (Figure 4e). Figure 4f shows the comparison 

of this system with other reported aqueous MIBs, demonstrating competitive rate 

capability. Lastly, the full cell can stably run for 2000 cycles at 1 A g-1, verifying long-

term cyclic stability (Figure 4g).  
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Figure 4. Aqueous Mg ion full cell based on PTCDI anode. a) Schematic diagram of 

the PTCDI|MgxCuHCF full cell. b) CV curves of PTCDI anode and MgxCuHCF 

cathode. c) Voltage profiles and d) rate performance at a series of current densities. e) 

Voltage profiles at 0 oC and −15 oC under 0.3 A g-1. f) Rate performance comparison 

with other reported aqueous MIBs.[11, 70-72] g) Long-term cyclic stability at 1 A g-1 

after cycling at 0.3 A g-1 for 30 cycles. The current densities and specific capacities in 

Figure 4c, d, e and g are calculated based on the mass of PTCDI anode. Capacities in 

Figure 4f are calculated based on the total mass of anode and cathode. 
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it exhibits a similar phenomenon to that in MIBs: PTCDI delivers a much higher 

specific capacity in aqueous electrolyte than that in organic one, with different voltage 

plateaus. In addition, PTCDI also delivers a superior rate capability and higher ionic 

diffusion coefficient in aqueous system than that in organic one (Figure S24-26). The 

CV curves in HTFSI-H2O are collected to identify the protons storage in aqueous 

electrolyte. For a clear comparison, we down-shift the curve in HTFSI-H2O solution to 

calibrate the potential caused by the pH difference between it and Ca(TFSI)2-H2O 

electrolyte. The location of the reduction peaks overlapped with that in 1 M Ca(TFSI)2-

H2O, endorsing the H+ storage (Figure 5b). The H+ insertion could be further confirmed 

by the characteristic peak in 1H solid-state NMR spectrum of fully discharged PTCDI 

(Figure 5c). Strong Ca 2p signal appears in the XPS pattern of discharged PTCDI, 

which almost vanishes after charge. The observations confirm the reversible Ca2+ 

storage in PTCDI (Figure S27b). The capacity contribution from Ca2+ is determined to 

be 59% according to the Ca2+ content in the fully discharged sample measured by the 

ICP-OES (Inset of Figure 5c and Table S3). Therefore, a 41% capacity (i.e., 46 mAh g-

1) is gained from H+ insertion. Ex-situ FTIR and O 1s XPS reveal the reversible 

conversion between C=O and C-O- is responsible for the cation storage (Figure S27a 

and S28). The H+/Ca2+ insertion pathway and kinetics are further explored by DFT 

simulations. As shown in Figure S29-31, PTCDI anode undergoes a similar reaction 

pathway in aqueous CIBs with that in MIBs. The diffusion energy barrier of Ca2+ in 

PTCDI is about 0.81 eV, which decreased to 0.62 eV when the H+ co-insertion occurs 

(Figure S32). Therefore, the H+/Ca2+ co-insertion leads to a fast ion diffusion kinetics. 
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Finally, a PTCDI|CaxCuHCF full cell is also assembled to demonstrate the application 

potential. The cell delivers an average voltage of ~1.1 V, fast charge/discharge 

capability (66% capacity retention at 10 A g-1 vs. that at 0.3 A g-1) and long cyclic life 

(3000 cycles) (Figure 5d, e and Figure S33). The stabilization process during initial 

cycles may be ascribed to the existence of residual oxygen during fabrication procedure, 

which gradually decreases during cycling.[14] The full cell experiences a slight 

capacity increase during the late cycles, which may be derived from the improved 

utilization of active materials by the reduced particle size (Figure S34). 
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Figure 5. Exploration of PTCDI in Ca-based systems. a) Voltage profiles in 1 M 

Ca(TFSI)2-H2O and 1 M Ca(TFSI)2-EC/PC electrolytes. b) CV curves in 1 M 

Ca(TFSI)2-H2O and 0.1 M HTFSI-H2O at 1 mV s-1. c) 1H solid-state NMR spectrum of 

fully discharged PTCDI. Inset shows the calculated Ca2+ and H+ capacity contributions. 

d) GCD curves at various current densities of the full cell. e) Cyclic stability at 1 A g-1 

of the full cell.  

4. Conclusion 

In summary, we report a synergetic H+ and Mg2+ storage enabling the advanced 

organic anode in aqueous MIBs. The co-insertion mechanism leads to a higher specific 
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Mg2+ acts as the only charge carrier. Furthermore, the proton insertion also benefits the 

diffusion kinetics to enable fast charging/discharging competence, as proved by 

electrochemical analysis and DFT calculations. By coupling with a Prussian blue 

analogue cathode, a high-safety aqueous full cell is demonstrated, which shows 

remarkable rate performance (72 mAh g-1 at 10 A g-1), long-term cyclic stability (2000 

cycles) and low-temperature operation capability (−15 oC), standing out among 

reported aqueous MIBs. Furthermore, this phenomenon can be extended to the Ca-

based system, providing a high-rate and ultra-stable organic anode for aqueous CIBs. 

This work offers an alternative way to develop high-performance aqueous divalent ion 

batteries taking advantage of H+ co-insertion behavior. 
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