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A B S T R A C T   

Redox-active organic compounds are promising electrode materials for rechargeable batteries owing to their 
diverse structures, light weight, resource recyclability and low cost, but the solubility and side reactions in 
electrolytes impede their practical applications. Herein, we report that pyrrole-based redox-active organic 
monomers can be instantly converted into π-conjugated polymer derivatives via a convenient and efficient in-situ 
chemical polymerization method during battery assembly without tedious fabrication procedures, which, in 
essence, is to use the electrolyte originally containing bis(hexamethyldisilazido)magnesium (Mg(HMDS)2) to 
induce the instantaneous in-situ polymerization of 2-pyrrolanthraquinone (2-PyAQ). Benefited from the intrinsic 
high ionic mobility and minimal electrolyte solubility of the redox-active π-conjugated polymer chains, the as- 
obtained poly(N-anthraquinoyl pyrrole) (PAQPy) cathode material exhibit high specific capacity, good rate 
performance and ultralong cycling stability over 4,000 cycles (with a capacity decay rate of only 0.00098% per 
cycle). Electrochemical kinetics analyses revealed a high Mg-ion diffusivity in the order of 10− 11 cm2 s− 1 and a 
high total capacity originated from both capacitive and diffusion-controlled contributions. A series of in-situ and 
ex-situ spectroscopic studies verified an extraordinary dual-ion storage mechanism based on both the insertion/ 
extraction processes of Mg2+ and MgCl+ cations on anthraquinone side groups and the doping/de-doping pro-
cesses of HMDS- anions on polypyrrole chains. This work demonstrates an effective and universal stabilization 
strategy of redox-active organic electrode materials via electrolyte initiated in-situ chemical polymerization to 
propel the exploration of high-performance secondary batteries.   

1. Introduction 

Rechargeable magnesium batteries (RMBs) have attracted increasing 
attention due to the intrinsic advantages of metal Mg electrode, such as 
high theoretical volumetric capacity (3833 mAh cm− 3), relatively low 
redox potential (-2.37 V vs. normal hydrogen electrode, NHE), high 
natural abundance and good safety without dendrite growth during the 
plating/stripping processes [1–4]. However, though tremendous efforts 
have been paid off, only a handful of inorganic cathode materials 
capable of reversible Mg-ion storage were reported [3–10]. Compared 
with inorganic active materials with limited resources and environ-
mental issues related to the manufacturing and recycling processes, 
organic compounds provide some remarkable advantages, such as light 
weight, good environmental sustainability and low cost [11]. Moreover, 
the great structural diversity and synthetic tunability of organic 

compounds allow adjusting the redox potential and increasing the spe-
cific capacity by modifying the molecular structure [12]. However, 
redox-active organic compounds may suffer from high solubility in 
organic electrolytes that may result in rapid capacity fading [13]. In the 
past years, some strategies have been proposed to alleviate the solubility 
problem of organic cathode materials in RMBs, including salification, 
polymerization, modification with insoluble materials, etc [14–28]. 
Among them, the grafting of redox-active groups onto a π-conjugated 
polymeric backbone is a promising route to improve the cycling life, 
whereby the as-prepared polymer can exhibit low solubility and high 
ionic conductivity. Nevertheless, a compromise between structure 
optimization and synthetic effort is necessary. The polymerization and 
purification processes of the polymers are usually complicated, which 
hampers the implementation of practical applications. Therefore, it is of 
great significance to develop a simple and effective method to address 
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the craft issues of polymeric cathode materials. 
Herein, we report a convenient approach to instantly initiate the 

chemical polymerization of pyrrole-based substances by the electrolyte 
during battery assembly process for ultrafast in-situ production of 
π-conjugated redox-active polymer material, which can serve as high- 
performance cathode materials for RMBs (Fig. 1a). To demonstrate 
this proof-of-concept, 2-pyrrolanthraquinone (2-PyAQ) was instanta-
neously polymerized to poly(N-anthraquinoyl pyrrole (PAQPy) at the 
moment when the Mg(HMDS)2 containing electrolyte was added, as 
shown in Fig. 1b. This process can be promptly accomplished in the 
procedure of assembling the battery, thus avoiding the complicated and 
lengthy polymerization process in traditional preparation methods. The 
molecular structure and compositions of as-obtained PAQPy were 
identified by a series of analytical and spectroscopic techniques, con-
firming the chain growth process triggered by Mg(HMDS)2. The PAQPy 
cathode material hybridized the redox properties of grafted anthraqui-
none (AQ) side groups and π-conjugated polypyrrole (PPy) backbones, 
thus both these two parts could contribute to the total capacity. More-
over, the PAQPy exhibited high conductivity and favorable insolubility 
in the electrolyte, attributing to its intrinsically π-conjugated conducting 
structure and high molecule weight. As a result, the RMBs based on 
PAQPy cathodes delivered highly reversible discharge capacity, good 
rate capability and stable cycling performance retained for 4,000 cycles 
with a slow capacity decay rate of 0.00098% per cycle, representing one 
of the best cycling stabilities in existing organic and polymeric electrode 
materials. Electrochemical kinetics analyses exhibited the Mg2+ diffu-
sion coefficient at a relatively high level of 10− 11 cm2 s− 1, and verified 

that the Mg2+ storage behavior of the PAQPy was contributed by both 
capacitive and diffusion-controlled processes. The deep investigations of 
underlying electrochemical mechanism were conducted systematically 
via ex-situ X-ray photoelectron spectroscopy (XPS), energy dispersive X- 
ray spectroscopy (EDX) and in-situ Raman spectroscopy, revealing that 
the PAQPy cathode underwent a dual-ion storage mechanism based on 
the reversible insertion/extraction of Mg2+ and MgCl+ cations on AQ 
side groups and the doping/de-doping processes of HMDS− anions on 
PPy chains. This work provides a creative strategy for resolving the 
solubility issues and propelling the practical application of organic 
cathode materials in next-generation secondary battery systems. 

2. Results and discussion 

In this work, non-nucleophilic electrolyte based on Mg(HMDS)2- 
4MgCl2 and N-butyl-N-methyl-piperidinium bis((trifluoromethyl)sulfo-
nyl)imide (PP14TFSI) ionic liquid dissolved in tetrahydrofuran (THF) 
solution (termed as Mg(HMDS)2-4MgCl2/2THF-PP14TFSI) was used to 
trigger the in-situ polymerization of 2-PyAQ. The optical photographs in 
Fig. 1b visually exhibit that the 2-PyAQ based electrode instantaneously 
turned black after the addition of the Mg(HMDS)2 containing electro-
lyte, indicating the polymerization has taken place. To identify the effect 
of Mg(HMDS)2 on the polymerization, different amounts of Mg(HMDS)2 
were added into the THF solutions of 2-PyAQ, as shown in Fig. S1. It 
could be seen that the transparent solutions were turned into turbid 
black precipitates on addition of as little as 2 mM Mg(HMDS)2, proving 
that Mg(HMDS)2 can solely trigger the polymerization of 2-PyAQ 

Fig. 1. (a) Schematic diagram of the electrolyte initiated in-situ chemical polymerization process from 2-PyAQ monomers to PAQPy polymer. (b) Optical photo-
graphs of the pristine 2-PyAQ electrode, the Mg(HMDS)2 containing electrolyte, and the in-situ polymerized PAQPy electrode after contacting the Mg(HMDS)2 
containing electrolyte, respectively. (c) HOMO/LUMO energy levels as well as the band gaps (ΔE) of 2-PyAQ and PAQPy (n = 3) calculated by DFT method. (d) 
Reaction mechanism illustrating how Mg(HMDS)2 initiates the in-situ chemical polymerization of pyrrole-based monomers. 
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without the assistance of other substances. The energy levels of the 
lowest unoccupied molecular orbital (LUMO) and the highest occupied 
molecular orbital (HOMO), as well as the HOMO-LUMO energy gaps of 
2-PyAQ and PAQPy with polymerization degree (n = 3), were calculated 
by density functional theory (DFT) method (Fig. 1c). The PAQPy showed 
the lower HOMO-LUMO gap than that of 2-PyAQ, indicating the better 
conductivity and faster redox reaction kinetics of PAQPy. 

The electrolyte originally containing Mg(HMDS)2 played the crucial 
roles of initiator and dopant for initiating the in-situ chemical poly-
merization process. The polymerization mechanism and preparation of 

polypyrrole (PPy) have been studied in detail. According to the referable 
literature [29,30], in the typical chemical-polymerization process, each 
neutral pyrrole molecule gets oxidized by the oxidant, yields free cation 
radicals and then forms a dimer. The dimer is further oxidized and joins 
with other free cation radicals to form a chain of positively charged 
units. Meanwhile, to balance the charge of the polymer, negative 
charged dopant ions are attached to the positive sites of the PPy back-
bone and incorporated into the PPy matrix. In this work, the Mg 
(HMDS)2 played a bifunctional role as both oxidant and dopant during 
the in-situ polymerization process, which has not reported in previous 

Fig. 2. (a) 1H NMR spectrum of 2-PyAQ monomer in deuterated (CD3)2SO solution. (b-d) ToF-SIMS spectra of (b) 2-PyAQ and (c, d) PAQPy, respectively. (e) FTIR 
and (f) TGA analyses of 2-PyAQ (in blue) and PAQPy (in red), respectively. 
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literature to the best of our knowledge. As depicted in Fig. 1d, the Mg 
(HMDS)2 first attached to the nitrogen atom of pyrrole-based monomer 
to seize an electron on it, which triggered the transformation of pyrrole 
group to reactive nitrogen radical cations. Second, the nitrogen radical 
cations rapidly transformed into nitrogen free radicals via fast 
de-protonation. Then, two nitrogen free radicals combined with each 
other to from the PPy dimer. The repetitious oxidation and dehydro-
genation led to the polymer chain growth of PAQPy and the polymeri-
zation terminated with the monomer exhaustion. In this way, the Mg 
(HMDS)2 containing electrolyte can instantaneously initiate the in-situ 
polymerization of pyrrole-based monomers, where the Mg(HMDS)2 
triggered the oxidation and dehydrogenation of pyrrole groups and led 
to polymer chain growth. Moreover, such a rapid in-situ polymerization 
reaction can be applied to most of pyrrole-based organic monomers. 

The molecular compositions of 2-PyAQ monomer and PAQPy were 
identified by a series of analytical and spectroscopic techniques. Figs. 2a 
and S2 presents the 1H nuclear magnetic resonance (NMR) spectrum of 
2-PyAQ monomer synthesized via a typical Clauson-Kass reaction (as 
detailed in the Supporting Information). The signals of Hh-l, Hf, Hg,e and 
Hc-d, from benzene ring and pyrrole ring appear at 8.22, 8.14, 7.94, 7.66 
and 6.40 ppm, respectively, confirming the molecular structure of 2- 
PyAQ monomer. The 13C NMR curves of the 2-PyAQ monomer were 
also provided in Fig. S3. Notably, the as-prepared PAQPy is nearly 
insoluble in most of organic solvents; therefore, its molecular structure 
cannot be accurately identified by conventional analytical approaches, 
such as NMR, gel permeation chromatography (GPC) and mass spec-
troscopy (MS). To address this problem, we used time-of-flight second-
ary ion mass spectrometry (ToF-SIMS) to precisely gain molecular level 
structure information of 2-PyAQ and PAQPy. The characteristic ion 
signal of 2-PyAQ monomer at m/z 273 is corresponding to [2-PyAQ]−

(Fig. 2b). For PAQPy, the ToF-SIMS peaks located at around m/z 274 
and m/z 540 were indexed to the monomer and dimer of 2-PyAQ, 
respectively (Fig. 2c, d); moreover, there are other ion fragments at 
around m/z 716 (Fig. S4), confirming the formation of the PAQPy. 
Furthermore, the 2-PyAQ and PAQPy samples were identified by Fourier 
transform infrared (FTIR) spectroscopy (Fig. 2e). The FTIR spectrum of 
PAQPy showed the characteristic bands attributable to the C–H in-plane 
deformation vibration at 1057 cm–1, C–N stretching vibration at 1380 
cm–1 and ring-stretching mode of pyrrole ring at 1540 cm–1. Moreover, 
the –C=O vibration signal was shifted from 1677 cm− 1 (for 2-PyAQ) to 
1633 cm− 1 (for PAQPy), which was associated with the enlarged 
π-conjugated unit of PAQPy compared to that of 2-PyAQ. The FTIR 
spectra showed that the characteristic peaks of PAQPy are weakened 
and broadened compared with those of 2-PyAQ, suggesting the suc-
cessful polymerization of PAQPy [31]. As shown in Fig. S5, the X-ray 
diffraction (XRD) pattern of 2-PyAQ is consistent with previous report 
[32]. For PAQPy, a broad XRD peak located at 2θ = 26◦ was observed, 
which was ascribed to the PPy backbone structure [33]. Also, we con-
ducted 13C SSNMR analysis of 2-PyAQ monomer and the in-situ poly-
merization PAQPy in this work. As shown in Fig. S6, according to the 
previous report [34], the 13C SSNMR signals of 2-PyAQ monomer are 
mainly composed of three parts: the C atoms on the pyrrole ring at about 
142 ppm, the C atoms of C=O groups at about 180 ppm, and the 
remaining C atoms on anthraquinone ranging from 106 to 139 ppm.The 
13C SSNMR spectrum of PAQPy cathode also exhibited two broad peaks 
centered at 180 ppm and 106-139 ppm, which are ascribed to the C 
atoms on C=O groups and the other rest C atoms on anthraquinone, 
respectively. Besides, the 13C SSNMR spectrum of PAQPy cathode 
showed two relatively strong broad signals located at 0-50 ppm and 
50-75 ppm, which were corresponding to the -CH3 and -CH2 groups of 
the residual Mg(HMDS)2, respectively. Here, the formation of -CH2 is 
attributed to the instability of Mg(HMDS)2 in ambient air during the 
SSNMR test. Notably, compared to 2-PyAQ monomer, the broad peak 
(~169 ppm) of PAQPy corresponding to the C atoms on the pyrrole ring 
is obviously shifted to the high field, which is due to the secondary 
carbon atoms (b site) on the pyrrole is converted to tertiary carbon 

atoms (b’ site) after polymerization. Scanning electron microscopy 
(SEM) images of 2-PyAQ monomer and PAQPy are displayed in Fig. S7. 
The microscale morphology changed greatly after the polymerization, 
and the nanosheet-like morphology of PAQPy was attributed to the 
compact laminated π-π stacking structures. To further verify the poly-
merization process, thermogravimetric analysis (TGA) of 2-PyAQ 
monomer and PAQPy was carried out from 20 to 800◦C in N2 atmo-
sphere (Fig. 2f). The TG trace of PAQPy exhibited a weight loss of 43% in 
comparison with that of 2-PyAQ (78%), confirming the occurrence of 
polymerization. To further illustrate Mg(HMDS)2 can induce the poly-
merization of other pyrrole-based monomers, Mg(HMDS)2 was added 
into the mixture of pyrrole liquid in THF, and the solution instanta-
neously turned into black, as presented in Fig. S8. In the ToF-SIMS 
spectra of the in-situ polymerized PPy product (Fig. S9), the character-
istic peaks of the monomer, the dimer and even the pentamer were 
found, confirming that Mg(HMDS)2 could be used as the initiator for the 
polymerization of various pyrrole-based organic materials. 

The electrochemical performances of PAQPy cathode in-situ poly-
merized by Mg(HMDS)2-4MgCl2/2THF-PP14TFSI electrolyte were 
investigated for MRBs. The cyclic voltammetry (CV) profiles of the Mg|| 
PAQPy batteries (Fig. 3a) showed two oxidation peaks at 2.07 and 1.93 
V and two reduction peaks at 1.79 and 1.55 V, respectively, corre-
sponding to the stepwise two-electron redox processes from PAQPy to 
[PAQPy] [2]- anions. The first cycle of CV curves showed a little dif-
ference compared with the subsequent cycles, possibly caused by the 
removal of oxide layer on the surface of Mg anode in the first cycle [35, 
36]. Fig. 3b displays the galvanostatic discharge/charge profiles of 
PAQPy cathode at various current densities. At 100 mA g− 1, the dis-
charge/charge curves exhibited clear voltage plateaus at the potential 
range from 1.6 to 2.0 V, indicating the well-defined magnesiation/de--
magnesiation processes. The discharge plateau was still visible at high 
current rate of 500 mA g− 1 despite showing a slight decline of the 
platform voltage, suggesting that the PAQPy cathode worked well at 
high rates with highly reversible and thorough redox conversion. The 
rate capability of PAQPy cathode is shown in Fig. 3c. The PAQPy 
cathode exhibited reversible discharge capacities of 130, 89, 71 and 60 
mA h g− 1 at 100, 200, 300 and 500 mA g− 1, respectively. Furthermore, 
the capacity of PAQPy cathode was recovered back to the initial value 
when the current density reduced stepwise back to 100 mA g− 1, indi-
cating good rate performance of PAQPy cathode. Besides, we have 
investigated the possible background capacity contribution of carbon 
black as conductive additive (Fig. S10). The discharge capacity of pris-
tine black carbon is 21.6 mAh g− 1, corresponding to a capacity contri-
bution of only 8.6 mAh g− 1 in the cathode. 

Fig. 3d presents the cycling performances of PAQPy cathode at 100 
mA g− 1. After a few cycles of activation, a highly reversible discharge 
capacity of 130 mAh g− 1 was obtained and the Columbic efficiency 
maintained >98% most of the time even in the activation process, 
indicating nearly no side reaction happened in the battery. For com-
parison, we tested the Mg||2-PyAQ monomer battery assembled with 
Mg(TFSI)2-MgCl2-AlCl3/DME electrolyte, thus bypassing the influence 
of Mg(HMDS)2 initiator. As shown in Fig. S11a, the CV curves of Mg||2- 
PyAQ monomer battery with Mg(TFSI)2-MgCl2-AlCl3/DME electrolyte 
exhibited two reduction peaks at about 0.82 V and 0.68 V and one 
oxidation peak at around 0.96 V, which is corresponding to the stepwise 
two-electron redox processes from PAQPy to [PAQPy] [2]- anions and 
the reversible one step de-magnesiation from [PAQPy] [2]- anions to 
PAQPy. It is believed that the extended conjugation length of the 
repeating units will increase the voltage of the polymer [37]. We find the 
voltage of 2-PyAQ monomer is much lower than that of the polymer 
obtained after in-situ polymerization, thus further improving the for-
mation of PAQPy. Furthermore, the Mg||2-PyAQ monomer battery 
assembled with Mg(TFSI)2-MgCl2-AlCl3/DME electrolyte exhibited 
relatively poor electrochemical performance (Fig. S11b), including low 
coloumbic efficiency, low capacity and rapid capacity decay, mainly due 
to the high solubility of 2-PyAQ monomer and its reduction state in 
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electrolyte. In contrast, the in-situ polymerizated PAQPy exhibited much 
better cycling stability than that of 2-PyAQ monomer, suggesting the 
advantages of in-situ polymerization strategies in this work. 

The long-term cycling stability of PAQPy cathode at a high current 
density of 500 mA g− 1 is depicted in Fig. 3f. Note that there was a slight 
increase of specific capacity during the initial 320 cycles, and the 
discharge capacities of the 10th and 320th cycles were 55.1 and 53.6 mA 
h g− 1, respectively. This slight rise in capacity can be due in part to the 
gradual wetting and infiltration of electrolyte into the electrode mate-
rials [38]. It is worth mentioning that a capacity of 53.6 mAh g− 1 is 
retained after 4,000 cycles with a slow capacity decay rate of 0.00098% 
per cycle and an average high Columbic efficiency of ~99.98%, repre-
senting one of the best cycle stability among the reported Mg-storage 
organic cathode materials (Table S1). This impressive cycling stability 

could be partially attributed to the insolubility and high electrochemical 
reversibility of PAQPy in the electrolyte. For comparison, the electro-
chemical performances of AQ and PPy cathodes were also measured, as 
shown in Figs. S12 and S13. It is clearly that the PAQPy cathode shows 
better performance than that of AQ and PPy cathodes, originated from 
the π-conjugated PAQPy polymer hybrided the redox-active AQ side 
groups and the intrinsic conductive PPy backbones. Fig. S14 exhibits a 
soft-packed pouch cell of RMB based on PAQPy cathode powering a 
light-emitting diode (LED) bulb, exhibiting the potential prospects in 
practical applications. 

To understand the fast redox kinetics origin of PAQPy cathode, 
quantitative capacitive analysis of charge storage behavior was con-
ducted. Fig. 4a displays the CVs of PAQPy cathode between 0.3–2.4 V 
ranged from 0.1–1.5 mV s− 1. As expected, the peak currents in the CVs 

Fig. 3. (a) CV curves of PAQPy cathode between 0.3-2.4 V vs. Mg2+/Mg at a scan rate of 0.5 mV s− 1. (b) Galvanostatic discharge/charge profiles and (c) rate 
capabilities of PAQPy cathode at various current densities from 100 to 500 mA g− 1. (d) Cycling performances and Columbic efficiencies of PAQPy cathode tested at a 
current density of 100 mA g− 1. (e) Long-term cycling performances of PAQPy cathode at a current density of 500 mA g− 1 for 4000 cycles. 
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Fig. 4. (a) CV curves of PAQPy cathode at various scan rates from 0.1 to 1.5 mV s− 1. (b, c) Calculated b-values as a function of potential during the (b) discharge and 
(c) charge processes, respectively. The inset shows the logi vs. logv curves, where i and v represents currents and sweep rates, respectively. (d) The relationship 
between ν1/2 and iν− 1/2, in which ν varies from 0.1 to 1.5 mV s− 1. (e) Capacitive contribution (red) and diffusion contribution (blank) at 1.0 mV s− 1. (f) Normalized 
contribution ratio of capacitive capacities (red) and diffusion-controlled capacities (light pink) at different scan rates. (g) GITT curves measured under a repeating 
constant current pulse of 50 mA g− 1 for 10 min followed by a relaxation period of 30 min and (h) corresponding diffusion coefficients of Mg2+ calculated from the 
GITT results. 
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were proportional to the scan rates, and the curve shape showed subtle 
shifts with the increase of scan rates. Furthermore, the diffusion/ 
capacitive contributions can be investigated according to the relation-
ship between the measured currents (i) and the scan rates (ν) from the 
CV curves: 

i(V) = aνb (1)  

logi(V) = blogν + loga (2)  

where a and b both are adjustable constants and b is determined from the 
slope of the logi vs. logv plot. From the literature [39,40], it is known 
that for a solely diffusion process i varies as v1/2 (b = 0.5), while for a 
merely capacitive process i varies as v (b = 1). Hence, the lower b value 
of the electrode suggests more favorable diffusion kinetics and a lower 
percentage of capacitive contribution to the current. The as-calculated 
b-values of discharge/charge processes at different potentials for the 
PAQPy are presented in Fig. 4b and Fig. 4c, respectively. At the poten-
tials of 1.70 V in the discharge process and the potentials of 1.90 V in the 
charge process, the b-values were 0.51 and 0.52, respectively. This re-
veals that the discharge/charge behavior at these two voltages mainly 
come from the redox-active molecules diffusion to the solid-liquid 
interface to exchange reducing/oxidizing equivalents. In contrast, at 
the potentials of 1.85 V and 0.50 V in the anodic process together with 
the potentials of 1.50 V and 2.10 V in the cathodic process, the peak 
currents were proportional to the scan rate multiplied by 0.92, 0.89, 
0.92 and 0.91, respectively, indicating the capacitive response mostly 
contribute to the capacity by means of the doping/de-doping of HMDS−

anions on PPy backbones. 
The ratios of capacitive contribution can be further quantified by 

separating the current response i at a fixed potential V into capacitive 
effects (proportional to the scan rate v) and diffusion-controlled re-
actions (k2v1/2), according to the Dunn equation: [41,42] 

i(V) = k1ν + k2ν1/2 (3)  

i(V)ν− 1/2 = k1ν1/2 + k2 (4)  

where k1ν and k2ν1/2 distinguish the fraction of the capacitive and 
diffusion effects, respectively. As depicted by the red region in Fig. 4e, 
the capacitive contribution was calculated to be 79% at 1.0 mV s− 1. 
From Fig. 4f, the contribution ratios of capacitive process at other scan 
rates of 0.1, 0.5 and 1.5 mV s− 1 were 50%, 68% and 81%, respectively. 
Therefore, it confirmed that the ion storage behavior of the PAQPy was 
controlled by both capacitive and diffusion processes. As the scan rate 
increases, the doping/de-doping pseudo-capacitance processes would be 
further promoted, thus causing the good rate capability. 

Galvanostatic intermittent titration (GITT) was employed to analyze 
the ion diffusivity of PAQPy electrode. The ion diffusion coefficient 
(DMg) can be calculated according to the following equation: [43] 

DMg2+ =
4
πτ

(
mBVM

MBS

)2(ΔEs

ΔEt

)2

(5)  

where τ refers to the constant current pulse time, mB, VB and MB denote 
the mass, molar volume and molar mass of the cathode material, and S is 
the area of the electrode-electrolyte interface, respectively. △Et is the 
total voltage change during a current pulse τ excluding the iR drop, and 
△Es is the potential change between the equilibrium states before and 
after the current pulse. In Fig. 4g, the discharge and charge capacities 
delivered by the PAQPy cathode were about 184 mA h g− 1 and 199 mA h 
g− 1, respectively. As depicted in Fig. 4h, the DMg decreased from 5.53 ×
10− 11 cm2 s− 1 to 2.20 × 10− 12 cm2 s− 1 when the charge potential 
increased from 1.10 to 2.02 V. The DMg in discharge process maintained 
at a relatively stable level of ~2.45 × 10− 11 cm2 s− 1. These results were 
at least two orders of magnitude more than that of current parallel work, 
indicating the extremely high ion diffusivity of the PAQPy electrode, 

which should account for the π-conjugated conductive PPy chain 
accelerating the redox reaction kinetics in the electrode material. 
Therefore, it was concluded that the charge storage capacity of PAQPy 
came from both the faradaic process of redox-active AQ groups and the 
capacitive process depended on the doping/de-doping of PPy 
backbones. 

The reversible magnesiation/de-magnesiation mechanism of PAQPy 
cathode was systematically investigated by using ex-situ XPS, EDX and 
in-situ Raman spectroscopies. For XPS analysis, the adventitious C 1s 
peak at 284.8 eV in pristine 2-PyAQ electrode (all the pristine electrode 
here is referred to the freshly prepared electrode before contacting the 
Mg(HMDS)2 containing electrolyte) was used as a reference binding 
energy. Fig. 5a shows the high-resolution O 1s XPS spectra of PAQPy 
cathode at pristine, fully discharged and fully charged states, respec-
tively. The O 1s XPS spectra of pristine PAQPy cathode showed two 
deconvoluted peaks centered at 532.6 eV and 531.3 eV which were 
assignable to C-O and C=O bonds, respectively. When fully discharged 
to 0.3 V, the O 1s XPS spectrum showed significant increased content of 
C–O–Mg bonds at 530.3 eV, [44] while the content of C=O bonds 
obviously decreased compared to the pristine state, suggesting the 
interaction of Mg2+ or MgCl+ cations with C=O bonds during the 
magnesiation process. Subsequently, when fully charged to 2.4 V, the 
C–O–Mg peak almost disappeared while the content of C=O bonds 
increased, revealing that the C–O–Mg bonds was converted back to C=O 
bonds, thus confirming the reversible interaction/separation of Mg2+ or 
MgCl+ cations with/from the C=O groups during cycling. Therefore, the 
C=O bonds are recognized as the redox-active centers of PAQPy cathode 
material. To understand the role of the nitrogen atoms on PPy chain 
during charging/discharging, ex-situ N 1s XPS spectra under pristine, 
fully charged and fully discharged conditions were also investigated 
(Fig. 5b). At the initial state, the pristine 2-PyAQ electrode showed a N 
1s peak with the binding energy of 400.5 eV, corresponding to 
pyrrolic-N in the structure.[45] Note that, in the fully discharged/-
charged states, the peaks attributed to pyrrolic-N both shifted to lower 
binding energy, 400.0 eV, indicating the formation of π-conjugated 
structure after in-situ polymerization [46]. Additionally, a new peak 
centered at 402.5 eV was observed in the N1s XPS spectrum of fully 
charged PAQPy cathode, which was assigned to the N-HMDS− interac-
tion [14]. This new peak disappeared again when discharged to 0.3 V, 
proving that the HMDS− anions can be completely de-doped from N 
atoms on PAQPy chain during the demagnesiation process and thus 
achieving good reversibility. Besides, we have collected the ex-situ 
Raman spectra of the PAQPy cathode at different discharge/charge 
states, as well as the pristine Mg(HMDS)2 powder. As shown in Figs. S15, 
the Raman spectrum of pristine Mg(HMDS)2 powder exhibits three 
characteristic peaks centered at 474 cm− 1 and (2878, 2950) cm− 1, 
which are assigned to -Si-C and -CH3 groups, respectively. The peak 
intensities of these characteristic signals obviously decreased when 
discharged from 2.4 V to 0.3 V, and then obviously increased once again 
when charged from 0.3 V to 2.4 V, indicating that the PPy chains in 
PAQPy cathode underwent the doping/de-doping processes of HMDS−

anions into/from the PPy skeletons during cycling, which is similar to 
other PPy-based organic cathode materials reported in the literature 
[47–49]. As presented in Fig. 5c, the intensities of Mg 2p and Cl 2p peaks 
at fully discharged state were much higher than those at the pristine and 
fully charged states, indicating the reversible insertion/extraction of 
Mg2+ and MgCl+ within PAQPy. XPS measurements were conducted to 
further analyze the Mg/Cl atomic ratios at different discharge/charge 
states. Notably, the Mg/Cl atomic ratios at all the different states are 
always larger than 1 (Table S2). Therefore, it can be deduced that both 
MgCl+ and desolvated Mg2+ ions may simutaneously participtate the 
cation insertion/extraction processes of PAQPy electrode. The ex-situ 
EDX measurements (Fig. S16) exhibited similar variations of Mg and Cl 
contents during the discharge/charge cycles. The Mg/Cl atomic ratio 
was 3.04 and 1.43 at the fully discharged and fully charged states, 
respectively, suggesting that both Mg2+ and MgCl+ storage occurred in 
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PAQPy cathode at the same time. The content of Si at fully discharged 
state was much higher than that at fully charged state, proving that the 
HMDS− doped/de-doped into/from the PPy backbones during the 
charge/discharge processes, which was consistent with that of the ex-situ 
XPS spectra. In-situ Raman spectra were collected under different dis-
charge/charge states (Fig. 5d-f). The vibration strength of C=O bonds 
initially decreased during the discharge process and then increased 
during the charge process, verifying the reversible interaction of Mg2+

and MgCl+ with C=O bonds during the magnesiation/de-magnesiation 
processes. These results were well in accordance with those of the 
ex-situ XPS analysis data. 

To sum up, the proposed Mg-ion storage mechanism of PAQPy 
cathode was illustrated in Fig. 5g. The Mg||PAQPy batteries imple-
mented a hybrid mechanism that combined the typical Mg2+ and MgCl+

insertion/extraction of AQ side groups and dual-ion doping/de-doping 
processes of PPy backbones. Specifically, upon discharging, the C=O 
bonds on AQ side groups gain electrons to be reduced to C–O-, which 
could interact with both the Mg2+ and MgCl+ cations in electrolyte. 
Meanwhile, the HMDS- anions would be removed from the doped PPy 
skeletons. Reversibly, upon subsequent charging process, the C–O- 

bonds were oxidized to C=O accompanied by the separation of active 
Mg-containing cations (Mg2+ and MgCl+) from AQ groups. On the other 
hand, the PPy backbones recovered the anion-doped states through the 
re-interaction with HMDS- anions in electrolyte. 

3. Conclusion 

In summary, we designed a convenient, efficient and universal 
strategy to instantly initiate in-situ chemical polymerization of pyrrole- 
based redox-active organic monomers by the electrolyte during 

battery assembly without lengthy fabrication processes, achieving ul-
trafast production of π-conjugated polymer derivatives that can serve as 
high-performance cathode materials for RMBs. As a result, the as- 
obtained PAQPy cathode delivered good rate capability and stable 
cycle life with a slow capacity decay rate of 0.00098% per cycle at high 
rate after 4000 cycles. According to electrochemical kinetics analyses, 
the PAQPy cathode developed in this study exhibited high Mg2+ diffu-
sion coefficient owing to its favorable conductivity of π-conjugated 
polymer chains, and both the intercalation pseudocapacitance and the 
diffusion-controlled processes contributed to its ion storage capacity. Ex- 
situ and in-situ spectroscopic methods confirmed that the Mg||PAQPy 
batteries implemented a special dual-ion storage mechanism that com-
bines the insertion/extraction of Mg2+ and MgCl+ cations and the 
doping/de-doping processes of HMDS− anions. We expect this work will 
provide new insights and inspirations for exploiting novel designs of 
high-performance organic/polymeric electrode materials towards 
advanced secondary batteries. 
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Representative discharge/charge profiles of PAQPy cathode at 100 mA g− 1 and (e, f) corresponding in-situ Raman spectra of PAQPy cathode during the (e) discharge 
and (f) charge processes. (g) Proposed reversible charge transfer process and electrochemical Mg-ion storage mechanism of PAQPy cathode in RMBs. 
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