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A B S T R A C T   

Aqueous ammonium dual-ion batteries (ADIBs), especially those integrating organic electroactive materials and 
functioning in a mild electrolyte of ammonium sulfate solution, have attracted increasing attentions in the 
stationary electrochemical storage area due to their inherent safety, sustainability, and environmental friendli
ness features. Herein, a flexible electroactive polyimide/nitrogen-doped carbon/carbon nanotubes (PI/NDC/ 
CNT) composite nanofiber membrane with highly interconnected conductive porous structure is prepared 
through electrospinning and in-situ pyrolysis/imidization treatments for ADIB applications. The electroactive PI 
achieves uniform distribution, high utilization and ultrafast reaction kinetics within PI/NDC/CNT electrode. As a 
result, the PI/NDC/CNT electrode exhibits high reversible capacity of 161 mA h g− 1 at 0.5 A g− 1, good rate 
capability, and satisfying capacity retention over 87.9% after 5000 cycles. Besides, an all-organic aqueous ADIB 
using PI/NDC/CNT and polyaniline/carbon nanofiber composites as anode and cathode respectively, achieves 
ultralong cycle stability and high energy density of 114.3 W h kg− 1.   

1. Introduction 

Currently, the development of safe, sustainable and environmentally 
friendly energy storage devices for large-scale applications is considered 
to be one of the top priorities due to the ever-growing energy and 
environmental crises [1–11]. Aqueous rechargeable batteries show great 
potentials because of their inherent safety, fast kinetics and environ
mental friendliness compared to their non-aqueous counterparts [7, 
12–17]. Up to now, numerous aqueous “rocking-chair” batteries have 
been reported based on Li+ [13,18,19], Na+ [11,15,20], K+ [16,21], 
Zn2+ [22–24] and Al3+ [7,25]. Nevertheless, the narrow working po
tential window of water caused by the evolution reactions of H2 or O2 
and the enlarged ionic radius of hydrated ions lead to the low energy 
density and poor cycle life of aqueous rechargeable batteries. To meet 
the commercial requirements of high working voltage, high energy 
density and environmental friendliness, aqueous rechargeable dual-ion 
batteries [26–31], with both cations and anions simultaneously 

participating in the intercalation/deintercalation of anodes and cath
odes, are one of the most promising candidates. Unfortunately, the 
traditional metal-based inorganic electrode materials deliver inferior 
rate performance and poor cyclability in the aqueous dual-ion batteries 
because of their intrinsically poor conductivity and severe volume 
expansion during discharge/charge processes. In contrast, organic 
aqueous ammonium dual-ion batteries (ADIBs) [26,32,33], which 
employ organic electroactive materials as electrode materials and 
ammonium ion (NH4

+) as the charge carrier, are considered as ideal 
battery systems due to the abundant sources, small hydrated ionic size 
(3.31 Å) and low molar mass (18 g mol− 1) of NH4

+ compared with metal 
ions such as Na+, K+, Zn2+, Mg2+ and Al3+. Therefore, novel organic 
aqueous ADIBs are expected as promising candidates for large-scale 
applications. 

As a new-rising organic aqueous battery system, the choice of elec
trode materials essentially defines the properties of ADIBs. Especially, 
the electroactive organic compounds have been demonstrated as a 
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favorable substitution for transition metal-based electrode materials due 
to their advantages of low cost, good tolerance of ionic size and envi
ronmental friendliness [32,34–36]. More importantly, the designable 
molecular structures of organic compounds can guarantee the tuning of 
their flexibility and solubility, electrochemical stability and revers
ibility, as well as redox potentials, thereby optimizing the cell voltage 
without triggering severe O2 or H2 evolutions [34,35,37]. Generally, 
these electroactive organic compounds can be classified into n-type and 
p-type compounds based on their doping types [26,37]. As for n-type 
compounds, the reversible reactions carry out between the neutral state 
and negatively charged state, where cations are needed to neutralize the 
negative charge of n-type compounds. Correspondingly, in p-type 
compounds, the reversible reactions happen between the neutral state 
and positively charged state by incorporation of anions, thus resulting in 
higher redox potentials than those of n-type compounds. Therefore, the 
regulation of different redox potentials between p-type and n-type 
compounds can construct high operating voltage and energy density of 
aqueous ADIBs. To date, several types of electroactive organic com
pounds have been reported for constructing ADIB electrodes, such as 
quinone [35], Prussian blue [38,39], polyimide [26], polynorbornenes 
[34], polyaniline [32] and radical polymers [33]. Among them, poly
imide, as a typical n-type compound, has been widely investigated as 
anode materials for aqueous ADIBs due to its plenty of electroactive 
functional groups (C––O), tunable redox potentials and stable structure 
during the discharge/charge processes. However, the electrochemical 
performance of polyimide is still limited in aqueous ADIBs because of 
the unsatisfactory electrical conductivity, agglomeration of powdery 
structure and polymer binder usage, which induces sluggish reaction 
kinetics and limited utilization of the electroactive functional groups. 
Therefore, it is urgent but challenging to develop polyimide-based 
electrode material with superior conductivity, efficient utilization of 
electroactive functional groups and ultrafast reaction kinetics for 
aqueous ADIBs. 

Combination of conductive carbon nanomaterials and porous struc
tural design is an efficient method to realize the excellent electro
chemical performance of polyimide-based electrode materials in 
aqueous ADIBs. As a promising conductive carbon nanomaterial, carbon 
nanotubes (CNT) can not only provide conducting network structure for 
electron transfer, but also enable excellent mechanical property because 
of its high tensile strength. However, the agglomeration of CNT leads to 
deteriorated electrical conductivity and specific capacity, and sluggish 
reaction kinetics of the electrodes in practical applications. To address 
these issues, we report a highly porous electroactive polyimide com
posite nanofiber electrode in this work for aqueous ADIB applications. 
Consisting of electroactive polyimide (PI) derived from the poly
condensation of 1,4,5,8-naphthalenetetracarboxylic dianhydride 
(NTCDA) and p-phenylenediamine (PDA), nitrogen-doped carbon (NDC) 
and carbon nanotubes (CNT), the highly porous nanofibrous PI/NDC/ 
CNT composite electrode via in-situ pyrolysis and imidization can 
effectively prevent the agglomeration of PI and CNT, as well as present 
enhanced conductivity. Hence, rapid ionic/electronic transport is ach
ieved within the highly porous conductive structure, largely boosting 
the electrochemical energy storage efficiency. As a result, the PI/NDC/ 
CNT electrode exhibits high reversible capacity of 161 mA h g− 1 at 0.5 A 
g− 1, good rate capability, and satisfying capacity retention over 87.9% 
after 5000 cycles. Furthermore, based on the reaction mechanisms of n- 
type and p-type compounds respectively, a green organic aqueous ADIB 
is reasonably assembled employing the PI/NDC/CNT anode and poly
aniline/carbon nanofiber (PANI/CNF) composite cathode as illustrated 
in Fig. 1. The aqueous PI/NDC/CNT//PANI/CNF ADIB delivers wide 
operating voltage of 1.9 V, and high energy density of 114.3 W h kg− 1 at 
the power density of 18.6 kW kg− 1 in a mild aqueous ammonium sulfate 
solution. Therefore, the reasonable construction of PI/NDC/CNT com
posite electrode in this work can provide new ideas and references for 
developing sustainable and advanced ADIBs. 

Fig. 1. Schematic of the all-organic aqueous ADIB assembled with PI/NDC/CNT anode and PANI/CNF cathode, respectively.  
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2. Experimental 

2.1. Materials 

All materials were used as received. 1,4,5,8-naphthalenetetracarbox
ylic dianhydride (NTCDA, AR) and p-phenylenediamine (PDA, AR) were 
purchased from TCI, Tokyo Chemical Industry Co., Ltd, Tokyo, Japan. 
Polyacrylonitrile (PAN, Mw = 86,000), polymethyl methacrylate 
(PMMA, Mw = 350,000), N,N-dimethylformamide (DMF, 99.9%), 
concentrated sulfuric acid (H2SO4, 96–98%), ammonium persulfate 
(APS, AR), aniline monomers (AN, AR) and ammonium sulfate 
((NH4)2SO4, AR) were purchased from Sigma-Aldrich. Multi-walled 
carbon nanotubes (MWCNT, 10–20 nm in diameter and 10–30 μm in 
length) were supplied by Chengdu Institute of Organic Chemistry, Chi
nese Academy of Sciences, China. The carbon cloth was provided by 
Shanghai Hesen Corporation, China. Deionized (DI) water was used 
throughout the experiments. 

2.2. Synthesis of PI/NDC/CNT composite nanofiber membrane 

The CNT dispersion solution was obtained using acid treatment ac
cording to previous report [40]. Equal molar amounts of NTCDA (0.005 
mol) and PDA (0.005 mol) were mixed in 20.0 g of DMF in a 100 mL 
round-bottom flask equipped with a mechanical stirrer, and then 
intensely stirred at 120 ◦C for 12 h under Ar atmosphere. A viscous 
polymer solution was obtained after polycondensation, which was 
signed as PAA. After that, the PAA/PAN/PMMA/CNT dispersion solu
tion was obtained by dissolving 5.0 g of PAA solution, 0.7 g of PMMA, 
0.17 g of PAN and 5.0 g of the treated CNT dispersion solution under Ar 
atmosphere. The PAA/PAN/PMMA/CNT dispersion solution was elec
trospun into nanofiber membrane by applying an electrical potential of 
15 kV, and then dried at 80 ◦C in a vacuum oven and heat-treated at 
400 ◦C under Ar for another 2 h to obtain the PI/NDC/CNT composite 
nanofiber membrane. 

2.3. Synthesis of CNF and PANI/CNF nanofiber membranes 

The flexible carbon nanofiber membrane was prepared as previously 
reported [41]. Briefly, PAN nanofiber membrane was obtained by 
electrospinning at a concentration of 10 wt%. Then, it was pre-oxidized 
under air atmosphere at a heating rating of 1 ◦C min− 1 to 230 ◦C and 
maintained for 3 h, and then carbonized under Ar atmosphere with a 
heating rate of 5 ◦C min− 1 to 1000 ◦C and maintained for 2 h, thus 
resulting in the flexible CNF membrane with excellent electrical and 
mechanical properties. After that, in situ oxidative polymerization of 
aniline was carried out on the surface of CNF using APS as an oxidizing 
agent to obtain the flexible PANI/CNF composite membrane. Typically, 
the flexible CNF membrane was immersed in 50 mL of 1.0 M H2SO4 
solution containing 5.0 mmol of AN at 0 ± 2 ◦C. Then, 50 mL of 1.0 M 
H2SO4 solution dissolving with APS was added dropwise into the above 
solution at an APS/AN mole ratio of 1/4 to obtain the reaction solution 
and keep stirring for another 6 h at 0 ± 2 ◦C. Finally, the flexible 
PANI/CNF composite membrane was washed with DI water, and dried 
under vacuum at 60 ◦C for 12 h. The loading amount of PANI in the 
flexible PANI/CNF membrane was calculated based on the mass differ
ence of the dried samples before and after polymerization. 

2.4. Characterizations 

The chemical structures and compositions of the samples were 
characterized by Fourier transform infrared (FTIR, NicoletIn10MX/ 
Nicolet 6700, Thermo Fisher, USA), 13C nuclear magnetic resonance 
(13C NMR, BrukerAvance 400, Switzerland), and thermogravimetric 
analyzer (TGA, NETZSCH TG 209 F1 Libra®, Germany) with a tem
perature ramp of 10 ◦C min− 1 under Ar atmosphere, respectively. 
Morphologies of PAA/PAN/PMMA/CNT, PI/NDC/CNT and PANI/CNF 

nanofiber membranes were observed using field-emission scanning 
electron microscope (FESEM, HitachiS-8010, Japan) and transmission 
electron microscope (TEM, Talos F200S, Thermo Fisher, USA). 

2.5. Electrochemical tests 

For a three-electrode measurement, the PI/NDC/CNT nanofiber 
membrane was directly used as a binder-free working electrode, while 
the carbon cloth and a saturated calomel electrode (SCE) were used as 
the counter and reference electrodes, respectively. An aqueous solution 
of 1.0 M (NH4)2SO4 was used as the electrolyte. The aqueous ADIBs were 
fabricated in a CR2032 coin-type cell, where PI/NDC/CNT and PANI/ 
CNF nanofiber membranes were directly used as the binder-free anode 
and cathode respectively and the cellulose film served as the separator. 
The galvanostatic charge-discharge (GCD) tests were conducted on a 
battery-testing system (Land CT-2001A, Wuhan, China). Cyclic vol
tammetry (CV) and electrochemical impedance spectroscopy (EIS, 0.01 
Hz-100 kHz, 5 mV) measurements were performed on an electro
chemical workstation (CHI 760D, China). 

3. Results and discussion 

The FTIR and 13C NMR spectra were obtained to confirm the com
positions of different samples. As shown in Fig. 2a, the PI/NDC/CNT 
composite shows obvious characteristic vibration absorption peaks of 
imide C––O and C–N bonds at 1717 cm− 1, 1673 cm− 1 and 1347 cm− 1 

respectively, while the NDC/CNT composite shows indistinct broad 
absorption peaks in the FTIR spectrum. Additionally, the 13C NMR 
spectrum of PI/NDC/CNT in Fig. 2b indicates the conjugated carbonyl 
groups from imide rings of PI at 162 ppm and aromatic carbon of phenyl 
or naphthalene in the range of 125–147.5 ppm [42], respectively, fully 
confirm the formation of PI in the composite nanofibers. As analyzed by 
TGA in Fig. 2c, CNT maintains stable at 400 ◦C while in-situ de
compositions of PAN, PMMA, PAA take place to construct porous 
structures. The exact loading amount of PI in PI/NDC/CNT composite is 
calculated to be 60% according to the different weight losses of PAN, 
PMMA, PAA and PAA/PAN/PMMA/CNT after heat-treated at 400 ◦C. 
The surface morphology of PI/NDC/CNT (Fig. 2d) indicates a 
three-dimensional (3D) interwoven network structure with uniform 
fiber diameter. In addition, carbon nanotubes are evenly dispersed 
within the single porous nanofiber (Fig. 2e). The high-magnification 
cross-sectional SEM (Fig. 2f) and TEM (Fig. 2g) images, and energy 
dispersive spectroscopy (EDS) mappings (Fig. 2h) further reveal that the 
different compositions are homogenously distributed in the inter
connected fibrous structure. Hence, high conductivity and superior 
wettability toward electrolytes are achieved, which greatly enhances the 
electron and ion transport inside PI/NDC/CNT composite electrode 
during the electrochemical cycles. 

The electrochemical properties of the as-obtained PI/NDC/CNT 
composite electrode were characterized by CV, GCD and EIS tests in a 
three-electrode system with 1.0 M (NH4)2SO4 aqueous solution. As 
shown in Fig. 3a, the PI/NDC/CNT electrode shows a pair of broad redox 
peaks with small potential separations, representing a two-electron 
transfer reaction with rapid redox reaction kinetics. Moreover, the 
subsequent CV cycles show stable redox peaks with highly overlapped 
profiles, indicating an excellent stability of PI/NDC/CNT during cycling. 
The GCD profiles of PI/NDC/CNT electrode in Fig. 3b exhibit broad 
voltage plateau in the first five cycles at 0.5 A g− 1 with a high initial 
specific capacity of 161 mA h g− 1, which are in good consistence with 
the CV results. The reversible redox peaks indicate that PI can reversibly 
associate/dissociate with NH4

+ in the redox processes as shown in 
Fig. 3c. During discharge, two NH4

+ associate with the conjugated C––O 
groups of PI to form ammonium enol compound. Vice versa, the NH4

+

can reversibly disassociate from the ammonium enol compound [33]. 
Therefore, the PI/NDC/CNT electrode also shows satisfactory rate 
capability with high reversible capacities of 160.7, 146.1, 133.2, 123.2, 
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96.5 mA h g− 1 at 0.5, 1.0, 2.0, 5.0 and 10.0 A g− 1, respectively (Fig. 3d 
and S1). Besides, an ultra-stable reversible capacity of 121.0 mA h g− 1 is 
retained with an average Coulombic efficiency approaching 100% even 
after 5000 cycles at a high current density of 5.0 A g− 1 (Fig. 3e). 
Additionally, the Nyquist plot shows a small semicircle at high fre
quency and a sloping line at the low frequency region (Fig. S1b), which 
can be attributed to the low charge-transfer impedance and small 
Warburg coefficient of the PI/NDC/CNT anode as displayed in Fig. S1c. 

In order to investigate the reaction kinetics of the PI/NDC/CNT 
electrode, CV measurements were performed at various scan rates from 
1.0 to 5.0 mV s− 1. As displayed in Fig. 4a, the CV curves of PI/NDC/CNT 
maintain similar shapes with the increase of scan rates, indicating 
excellent stability and fast reaction kinetics. Additionally, the corre
sponding redox peak current (ip) is proportional to the square root of the 
scan rate (v0.5) according to the CV curves at various scan rates (Fig. 4b). 
Thus, a much higher diffusion coefficient of 2.93 × 10− 8 cm2 s− 1 is 
obtained for PI/NDC/CNT compared with previous reports [39,43], 
according to the Randles-Sevcik equation ip = 2.69 × 105CSD1/2v1/2 

n3/2, where ip is the peak current (A), C is the concentration of electro
lyte, S is the surface area of the electrode, D is the diffusion coefficient of 
NH4

+ (cm2 s− 1), v is the potential scan rate (V s− 1), and n is the number of 
transferred electrons. The reaction kinetics of PI/NDC/CNT electrode is 
further estimated according to the relationship between log (ip) and log 
(v), which can be expressed by the formula log(i) = b × log(v) + log(a), 
where ip and v are the peak current and scan rate respectively while a 
and b are the tunable parameters. As shown in Fig. 4c, according to the 
linear relationship between log(i) versus log(v) plots, the b values of the 
redox peaks are calculated as 0.82 and 0.89, respectively. According to 

the power-law relationship [1], the b value approaches 0.5 in a 
diffusion-controlled process, while the b value of 1 represents a surface 
capacitance-dominated process. Therefore, we can speculate that the 
capacity of PI/NDC/CNT is contributed by both diffusion-controlled and 
capacitive processes. The contribution ratios are further calculated ac
cording to the equation i(v) = k1v + k2v1/2, where k1v and k2v1/2 

represent the capacitive-controlled and diffusion-limited currents at a 
particular voltage, respectively. Both the parameters of k1 and k2 are 
determined from the linear relationship of i(v)/v1/2 and v1/2 based on 
equation i(v)/v1/2 = k1v1/2 + k2. Consequently, the contribution ratios of 
the capacitive processes at different scan rates are in the range of 
64.1–91.5% as shown in Fig. 4d. A high proportion of the surface 
capacitance contributes to excellent rate capability, which can be 
ascribed to the homogenous distribution of electroactive PI within the 
nanofiber network and fast reaction kinetics throughout the highly 
interconnected conductive porous structure. 

The p-type polymer is often considered as a promising cathode ma
terial for aqueous batteries due to its high redox potentials by incorpo
ration of anions [32,33]. As a typical p-type compound, polyaniline 
(PANI) can associate/disassociate with anions reversibly and maintain 
the stable molecular structure during discharge/charge processes [32]. 
Hence, the flexible PANI/CNF composite membrane was directly used as 
the cathode for ADIBs. The typical SEM images of CNF (Fig. S2) and 
PANI/CNF (Fig. 5a) show that CNF nanofiber membrane forms a 3D 
interwoven network structure with uniform nanofiber diameter at about 
200 nm, while a dense layer of PANI nanowires are uniformly covered 
on the surface of CNF after in-situ polymerization. Besides, the 
high-magnification SEM (Fig. 5b) and TEM images (Fig. S3) clearly 

Fig. 2. (a) FTIR, (b) 13C NMR, and (c) TGA curves of different samples. (d–f) SEM, (g) TEM, and (h) the corresponding elemental mappings of the PI/NDC/CNT 
composite nanofiber membrane. 
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Fig. 3. Electrochemical performances of the PI/NDC/CNT anode in the aqueous ammonium battery: (a) CV curves at a scan rate of 1.0 mV s− 1, (b) charge/discharge 
voltage profiles at a current density of 0.5 A g− 1, (c) possible redox mechanisms between PI and NH4

+, (d) rate performance, and (e) cycling stability at a current 
density of 5.0 A g− 1. 

Fig. 4. Electrochemical mechanisms of the PI/NDC/CNT anode in the aqueous ammonium battery: (a) CV curves, (b) linear relationship between the peak current 
(ip) and the square root of scan rates (ν1/2), (c) b-values analysis, and (d) normalized contribution ratios at different scan rates. 
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reveal that PANI nanowires are connected with each other to construct a 
hierarchical porous architecture, which is expected to largely enhance 
the electrochemical performances of the PANI/CNF composite cathode. 
As shown in Fig. 5c, all the CV curves of PANI/CNF cathode display one 
couple of symmetrical redox peaks and highly overlapped profiles, 
indicating an excellent stability of PANI/CNF during cycling. Further
more, the GCD curves of PANI/CNF cathode also clearly show discharge 
plateaus, which is well in consistent with the CV results. Meanwhile, a 
discharge capacity of 212.5 mA h g− 1 can be obtained at 0.5 A g− 1 for 
the PANI/CNF cathode (Fig. 5d) and remains at 122.1 mA h g− 1 even at a 
high current density of 10.0 A g− 1 (Fig. 5e). Furthermore, the PANI/CNF 
cathode also keeps a very stable discharge capacity of 153.3 mA h g− 1 

after 5000 cycles at 5.0 A g− 1 (Fig. 5f), demonstrating its superior rate 
capability and cycle life. 

According to the reaction mechanisms of n-type and p-type com
pounds, an aqueous ADIB is reasonably assembled by respectively using 
PI/NDC/CNT and PANI/CNF as the anode and cathode at a mass ratio of 
2.3 : 1 according to their charge capacities. As shown in Fig. 6a, the PI/ 
NDC/CNT and PANI/CNF composites electrodes effectively work in 
opposite potential directions. Thus, the NH4

+ and SO4
2− in the electrolyte 

will separately move to the anode and cathode during charging. On the 
contrary, the NH4

+ and SO4
2− can reversibly break away from the elec

trode materials and return to the electrolyte, thereby leading to a 
maximum cell voltage of 1.9 V. Consequently, the CV curve of the 
aqueous PI/NDC/CNT//PANI/CNF ADIB displays obvious redox peaks 
at 1.1 V and 1.3 V without polarization phenomenon (Fig. S4a), further 
confirming a reasonable cell voltage range. As exhibited in Fig. 6b, the 

aqueous PI/NDC/CNT//PANI/CNF ADIB delivers high discharge ca
pacity of 136.7 mA h g− 1 and excellent rate capability (Fig. 6c and 
Fig. S4b). More importantly, a high specific energy density of 114.3 W h 
kg− 1 at the high power density of 18.6 kW kg− 1 is achieved, which is 
much superior compared with those previously reported aqueous bat
teries (Fig. 6d). The cycling stability of the as-fabricated ADIB was tested 
at a current density of 1.0 A g− 1. Remarkably, a high reversible capacity 
of 86.0 mA h g− 1 is remained after 2000 cycles with an average 
Coulombic efficiency approaching 100% as shown in Fig. 6e. This is 
mainly because of the interconnected conductive porous structure and 
low solubility of electrode materials in the aqueous electrolytes. 

4. Conclusions 

In summary, the highly porous electroactive polyimide-based com
posite nanofibrous membrane with well interconnected conductive 
network structures has been realized for applying as a high-performance 
organic anode in aqueous ADIBs. The PI/NDC/CNT anode delivers high 
reversible capacity, excellent rate performance and ultra-long cyclic 
stability because of the 3D interwoven nanofiber network structure and 
interconnected conductive porous skeleton, which enables ultrafast ion 
diffusion and electron transfer during discharge/charge processes. 
Therefore, highly efficient utilization of PI and ultrafast reaction kinetics 
in aqueous ADIBs are achieved. Consequently, a novel green organic 
aqueous ADIB based on the flexible PI/NDC/CNT anode and PANI/CNF 
cathode delivers high specific energy density of 114.3 W h kg− 1 and high 
power density of 18.6 kW kg− 1. Therefore, the reasonable construction 

Fig. 5. SEM images of the PANI/CNF composite under different magnifications: (a) Low, and (b) high. (c) CV curves at a scan rate of 1.0 mV s− 1, (d) charge/ 
discharge voltage profiles at a current density of 0.5 A g− 1, (e) rate performance and (f) cycling stability at a current density of 5.0 A g− 1 of the PANI/CNF cathode in 
the aqueous ammonium battery. 
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of electroactive polyimide-based composite electrode can provide new 
opportunities for development of sustainable and advanced ADIBs. 
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