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ABSTRACT: 

Aqueous zinc-ion batteries (AZIBs) using organic cathodes have emerged as a 

sustainable energy storage technology benefitting from high safety, low cost and 

abundant feedstocks. However, most organic cathodes are n-type polyaromatic 

compounds and conjugated polymers, which require sophisticated synthesis and 

provide a low operational voltage and slow Zn2+ diffusion kinetics. Herein, we report 

access to p-type radical polymer cathodes from a commercially available poly(methyl 

vinyl ether-alt-maleic anhydride) (poly(MVE-alt-MA)) polymer. The modification of 

poly(MVE-alt-MA) with 4-amino-TEMPO produces radical polymers (PTEMPO) that 

are easily scalable to tens of grams. The corresponding polymer AZIBs deliver a 

capacity of 92 mAh g-1 at 10 C with 95% capacity retention over 1000 cycles. 

Importantly, the electrode composites and battery assembly procedure are optimised 

so that no fluoro-containing electrolytes and binders are needed, and cheap carbon 

additives can be used. We assemble the Swagelok batteries, small pouch and large 

pouch batteries with mass loading of 7.8 to 50 mg cm-2, demonstrating nearly 100% 

coulombic efficiency. The pouch battery with 0.8-0.9 g of active polymer displayed a 

60-mAh capacity with 1.5 V operational voltage. This work paves the way for simple 

and practical implementation of polymer AZIBs for real-world applications. 
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INTRODUCTION 

The development of rechargeable batteries has been one of the most important 

inventions that have changed human life in recent decades.1 The necessity and 

importance of such energy storage technologies are evident in the ubiquity of portable 

electronic devices and the increasing prevalence of electric vehicles. Lithium-ion 

batteries (LIBs) are at the front of these technologies and will continue leading the 

market for years.2 However, ever-increasing demand and consumption of LIBs have 

led to resource shortages and supply-chain issues of strategic metals like lithium and 

cobalt.3 Meanwhile, millions of spent batteries, most of which are not properly recycled, 

have caused enormous waste and environmental risk.4-5 Therefore, sustainable 

energy storage technologies are urgently needed to relieve the challenges associated 

with LIBs.6 The new technologies will require abundant elements and safe battery 

construction with minimum risk from production to operation. Among many emerging 

non-LIBs, aqueous zinc-ion batteries (AZIBs) stand out because of the much higher 

abundance of zinc in the earth's crust (ten times more than lithium), and its low toxicity 

and high safety. As such, AZIBs have gained tremendous attention and significant 

progress in recent years.7 

AZIBs usually use zinc metal as an anode and inorganic or organic compounds as a 

cathode. While substantial work has been devoted to the improved stability of zinc 

anode,8-11 high-performing cathodes are needed and remain a major challenge for 

AZIBs. When inorganic cathodes containing Mn and V are used, Zn2+ intercalation in 

a significant change in the crystal structure and an ambiguous charge storage 

mechanism.12-16 Such a process could lead to low energy efficiency and power 

performance. Although non-metal cathode AZIBs such as Zn-Br2 or Zn-I2 batteries 

have also been developed, their shuttle issue has yet to be fully overcome.17-19 On the 

contrary, using organic compounds as cathodes allows a much faster 

charge/discharge rate, and the batteries only consist of zinc metal and zinc ions as the 

metal components.20 Thus far, organic cathodes are mostly polyaromatic molecules 

consisting of N, O or S atoms, such as imine, imine-carbonyl, and carbonyl compounds, 

which, under reduction, allow coordination with Zn2+ ions.21-22 Their polymer 

counterparts, mostly conjugated polymers23-26 or covalent organic frameworks,27-28 

have been explored extensively as cathodes in AZIBs to reduce unwanted 

dissolution.29-30 However, these conjugated materials are mostly n-type and still 
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require Zn2+ ion coordination. They are also brittle inorganic structures due to their 

rigid polyaromatic and crystalline structures, requiring polymer binders for electrode 

preparation. Despite some of these materials possessing high specific capacities, the 

corresponding organic AZIBs using conjugated polymers or polyaromatic molecules 

often display a slope charge/discharge profile or low voltage output of 1V or below, 

which varies with the extent of electrochemical doping.31,32  

For two decades, non-conjugated redox-active polymers (RAPs) have been 

recognized as highly versatile organic cathodes for energy storage.33-34 RAPs consist 

of redox-active groups covalently linked to an aliphatic polymer backbone, in which 

electron transfer is achieved through a hopping mechanism between pendant 

groups.35 With the aid of carbon additives, RAPs have been widely employed in 

polymer/metal hybrid batteries36 and fully organic polymer batteries.37-38 The most 

popular redox-active groups in RAPs include quinone, phenothiazine, 

tetrathiafulvalene, and nitroxide radicals,39 in which nitroxide radical polymers (NRPs) 

showed a relatively high redox potential (i.e., 0.76 V vs Ag/AgCl) and excellent 

reversibility in both organic and aqueous media.40 As such, NRPs, mostly consisting 

of pendant TEMPO (i.e., 2,2,6,6-tetramethylpiperidiyl-1-oxyl) radicals, are attractive 

polymer cathode materials for organic AZIBs to achieve the high output voltage 

(i.e., >1.5 V). Nishide et al. reported a promising first example of NRPs in AZIBs and 

showed that poly(TEMPO-vinyl ether) thin film (100 nm to 1 m) could deliver an initial 

capacity of 131 mAh g-1 but only maintained 65% after 500 cycles.41 Luo et al. later 

demonstrated that AZIB performance with this polymer strongly depended on the 

electrolytes.42 Their best coin cell delivered 70-80 mAh g-1 stable capacity at 1 A g-1 

current with a capacity fade of 23% over 1000 cycles. Recently, a peptide-based block 

copolymer consisting of NRP blocks was used in AZIBs, reporting a capacity of about 

80 mAh g-1 from two-electron storage when discharged to 0.7 V.43 Their copolymer 

design diminished the storage capability, which would make the practical 

implementation challenging. Although NRPs have been extensively studied later in 

Zn/polymer redox flow batteries,44-45 the effort to further promote their practical 

applications in solid AZIBs remains limited. Challenges in practical organic AZIBs 

mainly include developing robust and simple chemistry to produce high-performing 

cathodes at scale and exploring more cost-effective procedures to fabricate the battery 

with satisfactory performance. For these reasons, NRPs are still promising candidates 
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for AZIBs. Still, limited effort42-43 has been devoted to implementing practical batteries 

since the early report of the concept.41, 46 Therefore, we considered it prudent to re-

assess NRP-based cathodes in AZIBs to realise their practical utility in energy storage. 

Herein, we aim to advance the real-life implementation of NRP in organic AZIBs. 

Specifically, we use industrially sourced poly(methyl vinyl ether-alt-maleic anhydride) 

(poly(MVE-alt-MA)) as a low-cost polymer and, through a one-pot, two-step 

modification process, synthesize NRP cathodes. Two pathways are proposed by using 

H2N-TEMPO (Approach I) or triacetonediamine (Approach II) to react with maleic 

anhydride on poly(MVE-alt-MA) (Figure 1a). The carboxylic acid groups resulting from 

the anhydride-amine reaction can further react with excess amine compounds using 

a carbodiimide coupling agent to increase the radical contents in final polymers. NRPs 

were characterized by NMR, IR and EPR to confirm their structures and radical content 

prior to testing in AZIBs. Various carbon additives and electrolyte conditions were 

explored to fabricate the batteries, targeting optimal performance while minimizing 

cost. We also conducted multiple-batch syntheses with scales up to 18 g achievable. 

Multiple battery tests were carried out to demonstrate the reproducibility. The 

Swagelok batteries assembled with a high areal loading of 7.8 mg cm-2 provided a 

capacity of 92 mAh g-1 over 1000 cycles with a capacity loss of 0.007 % per cycle. 

Finally, several large pouch batteries were assembled with capacities of 50 to 75 mAh, 

demonstrating an easy and highly practical fabrication of NRP-based AZIBs (Figure 

1b and c).   
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Results and discussion 

NRPs used in AZIBs should be hydrophilic but water-insoluble, ensuring good ion 

conductivity but no dissolution in the electrolyte. Previous reports demonstrated such 

a design by incorporating TEMPO radicals onto either poly(vinyl ether) or an 

amphiphilic copolymer backbone.43, 46 Synthesis of these polymers requires noble 

metal catalysts or multiple-step reactions. Copolymerization with non-radical 

monomers further reduced the theoretical capacity of the NRP.43 Moreover, complex 

synthesis could be a hurdle for practical implementation and scale-up. Simple 

chemical modification of commercially available polymers could be a feasible 

approach to address this issue at the outset. Here, we modified an industrially 

produced polymer, poly(methyl vinyl ether-alt-maleic anhydride) (poly(MVE-alt-MA), 

~US$20/kg), to provide PTEMPO through two approaches (Figure 1a). Notably, 

another commercially available polymer, poly(ethylene-alt-maleic anhydride) (poly(E-

alt-MA)), has been employed for radical modification and applied for radical/lithium 

batteries.47 We chose poly(MVE-alt-MA) for its methoxy group, which could provide 

extra hydrophilicity. In approach I, poly(MVE-alt-MA) was directly modified with NH2-

TEMPO to provide PTEMPO. Approach II involved the synthesis of 2,2,6,6-

tetramethylpiperidine (TEMP) functional polymers (i.e., PTEMP) through the 

modification of poly(MVE-alt-MA) with triacetonediamine, a commercially available 

intermediate produced from ammonia and acetone. PTEMP was then oxidised to 

PTEMPO. Poly(MVE-alt-MA) with an average molecular weight (Mw) of 1080 kDa and 

dispersity Ð of 3.47 was first used. Although we successfully obtained high molecular 

weight PTEMPO-1 and PTEMPO-2 through both approaches, this reaction could 

sometimes fail to produce soluble polymers and result in polymer ionogels. The 

gelation is primarily due to the extremely high molecular weights and thus high 

viscosity of poly(MVE-alt-MA) solution, as previously found for poly(E-alt-MA) 

modification.48 When using a lower molecular weight poly(MVE-alt-MA) (Mw=216 KDa, 

Ð=2.70), we repeatedly produced soluble PTEMPO through both approaches. In both 

approaches, anhydrous DMF was used to dissolve poly(MVE-alt-MA). NH2-TEMPO or 

triacetonediamine readily reacts with maleic anhydride groups, resulting in amide and 

carboxylic acid. The latter can further react with NH2-TEMPO or triacetonediamine by 

adding a condensation reagent (Figure 1a). We have successfully synthesized six 
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batches of PTEMPO polymers at various scales (Table S1) and characterized them 

before testing in batteries (Figure 1b).  

 

Figure 1. (a) Synthesis of PTEMPO from commercially available poly(MVE-alt-MA) 

polymer through two approaches. (b) Schematic illustration of PTEMPO organic AZIBs 

and (c) Photos of poly(MVE-alt-MA) and PTEMPO at 18 g scale. 

Figure 2a shows typical 1H NMR spectra of PTEMPO-3 and PTEMP. Compared to 

poly(MVE-alt-MA), new peaks at 1.2-1.5 ppm and 4.1 ppm for PTEMP and PTEMPO 

were ascribed to methyl and methine protons from the piperidine ring. The calculation 

of reaction efficiency was 65% by NMR (assuming two radicals per anhydride as 

100%). This value was close to that obtained from the electron paramagnetic 

resonance (EPR) spectra (Table S1). PTEMPO was also characterized by ATR-IR and 

compared to the precursor poly(MVE-alt-MA), a small model radical 4-acetyl-TEMPO 

(ACT), as shown in Figure 2b. Poly(MVE-alt-MA) showed a strong C=O stretching 

peak from anhydride at 1750 cm-1, a C-O stretching peak from methyl ether at 1050 

cm-1, and a small CH3- from the methoxy group at 2950 cm-1. ACT showed the typical 

C=O stretching for amide at 1640 cm-1 and N-O at 1550 cm-1. PTEMPO, consisting of 

TEMPO radical with amide linkage, showed similar peaks at 1645 cm-1, 1545 cm-1, 
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and 2950 cm-1 as found in ACT, peaks at 3400 cm-1 and 1710 cm-1 corresponding to 

carboxylic acid, and a peak at 1050 cm-1 for methoxy groups, which is consistent with 

the proposed structure in Figure 1a. Finally, we characterized all PTEMPO polymers 

by EPR to obtain their radical contents. The typical EPR spectra with broad signals 

suggest the radical-radical coupling along the polymer chain (Figure 2c). Here, we 

used ACT as a standard to elaborate a calibration curve (Figure S1), from which we 

calculated radical contents, theoretical capacities, and reaction efficiencies of all 

PTEMPO synthesized through approaches I and II from two polymer precursors (Table 

S1). It can be found that PTEMPO synthesized from poly(MVE-alt-MA) with a lower 

molecular weight resulted in higher modification efficiencies and theoretical capacities. 

For the low molecular weight poly(MVE-alt-MA), two separate reactions at a three-

gram scale produced PTEMPO-3 and PTEMPO-4 with similar theoretical capacities 

of 93 and 85 mAh g-1. The scaled-up reaction (PTEMPO-5, 18 g, Figure 1c) led to a 

lower efficiency and, thus, a lower capacity of 63 mAh g-1. We introduced approach II 

by using triacetonediamine instead of NH2-TEMPO to explore the possibility of 

maximising the utilisation of commercially available materials. Notably, the obtained 

PTEMPO polymers (PTEMPO-2 and PTEMPO-6) showed capacities of 50-57 mAh g-

1, presumably due to the overall low efficiency of two-step reactions (i.e., conjugation 

and oxidation). These PTEMPO polymers were then used as cathode materials and 

tested in AZIBs. 
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Figure 2. Characterizations of PTEMPO: (a) 1H NMR (dosy) of poly(MVE-alt-MA) 

precursor, (i) PTEMP and (ii) PTEMPO-3 after reduction by Pd/C and ammonium 

formate in MeOD-d4. (b) ATR-IR spectra of poly(MVE-alt-MA), ACT and PTEMPO-3. 

(c) EPR spectra of PTEMPO-3 to PTEMPO-6 in ethanol.  

The polymers were well soluble in acetone, ethanol or water depending on their radical 

contents, as the amount of unreacted carboxylic acid rendered them with different 

solubility. Notably, all polymers were not soluble in 2.0 M Zn(OTf)2, a predominant 

electrolyte for AZIBs (Figure S2). We selected PTEMPO-3 as the first candidate due 

to its high theoretical capacity. An initial attempt was to use multiwall carbon nanotubes 

(MWCNTs) as conductive additives. Owing to the high molecular weights of PTEMPO 

polymers, we prepared the slurry without using a PVdF binder. Moreover, the slurry 

was initially prepared in NMP, but ethanol or water was later used. The slurry was 

spread on carbon felt and, after drying, paired with zinc foil to assemble Swagelok 

batteries. The battery was tested immediately at 5-10 C after assembly. We usually 

observed a gradual capacity increase over 20 cycles and reached its stable capacity 

(Figure S3) before formal testing. The initial test helped activate the zinc foil and 

thoroughly wet the polymer electrode. Figure 3 illustrates the battery performance 

using PTEMPO-3 at a PTEMPO:MWCNTs ratio of 1:1 (w/w) in 2.0 M Zn(OTf)2 with 

areal mass loading of 4.5 mg cm-2. The battery delivered 92 mAh g-1 discharge 

capacity at 5C and 76 mAh g-1 at 30 C (Figure 3a). The voltage profile showed no 

obvious polarization until 13 C, indicating excellent rate performance (Figure 3b). The 

battery was then charged/discharged at 10 C to evaluate its long-term cyclability at a 

high rate (Figure 3c). Remarkably, the discharge capacity retained 90 mAh g-1, 93% 

of its highest value, with an average Coulombic efficiency of 99.93%. The voltage 

profile over 1000 cycles showed no polarization developed (Figure 3d) and extremely 

stable charge and discharge middle voltage (Figure S4). To further evaluate the 

reproducibility, we tested the long-term cyclability of multiple batteries (Figure S5). In 

general, all batteries provided discharge capacities close to their theoretical value. 

Notably, increasing the mass loading to 7.8 mg cm-2 did not compromise its capacity 

and cycling performance.  
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Figure 3. Performance of AZIBs using PTEMPO-3 as cathode. (a) Rate performance, 

(b) Charge/discharge voltage profile at various C-rate, (c) Long cycling of the battery 

at 10 C, and (d) Charge/discharge voltage profile at different cycles. Battery 

configuration: PTEMPO-3/MWCNTs=1/1, electrolyte: 2 M Zn(OTf)2, mass loading: 4.5 

mg cm-2. 

To further increase the mass loading, we prepared the electrode at a 

PTEMPO:MWCNTs ratio of 3:1. The batteries delivered approximately 60 mAh g-1 

capacity at 5C when the mass loading was up to 19.7 mg cm-2 (Figure S6). The 

morphological characterization by SEM showed the MWCNT network (Figure 4a) 

uniformly filled with PTEMPO polymers at a PTEMPO-3/MWCNTs ratio of 1/1 (Figure 

4b). Increasing the ratio to 3/1 resulted in a large amount of polymer aggregated 

around MWCNTs (Figure 4c). The EDX from the composites showed increased N and 

O signals (Figure 4d). Although the specific capacities decreased when increasing the 

ratio to 3/1 (Figure S6), the cells can provide a much higher capacity of 1.2 mAh cm-2 

based on four replicates (Figure 4e). The cells delivered an energy density greater 

than 100 Wh kg-1 with a power density of up to 2600 W kg-1 (Figure 4f). 
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Figure 4. Properties and performance PTEMPO AZIBs at different polymer/MWCNT 

ratios. (a-c) The SEM morphologies of MWCNTs, electrode composites at PTEMPO-

3/MWCNT=1/1, and PTEMPO-3/MWCNTs=3/1, (d) EDX of electrode composites, (e) 

Capacity and (f) Rangon plots of AZIBs at two PTEMPO/MWCNTs ratios.  

We also tested other PTEMPO polymers (Table S1 and Figure S7), and it was found 

that the PTEMPO synthesized through approach II delivered lower discharge 

capacities than their theoretical values, whereas those synthesized through approach 

I provided discharge capacities very close to their theoretical values. Therefore, the 

Approach I directly using NH2-TEMPO is preferable for higher radical content and 

fewer synthetic steps. Approach II could be further optimised in the future. Interestingly, 

those PTEMPO polymers with different radical contents can all facilitate fast 

charge/discharge, i.e., up to 50 C (Figure S7). This phenomenon indicates that the 

charge self-exchange rate constant (kex) must be high even with the decreasing radical 

content. Previous theoretical considerations and computations evidence indicate the 

major contribution to kex of TEMPO radicals on polymers is from the radicals between 
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the polymer chain segments rather than the two neighbour radicals.49 As such, it is 

expected that the slight decrease in radical content should not lead to a significant 

decrease in kex. To provide evidence for such a process in our system, we chose  

PTEMPO-2 (1.86 mmol g-1) and PTEMPO-3 (3.46 mmol g-1) for comparison, as these 

two polymers have the largest difference in radical content. Electrochemistry studies 

of PTEMPO-2 and PTEMPO-3 films coated on the glassy carbon electrode were 

conducted in 2 M Zn(OTf)2 (Figure S8). Through the Cottrell plot, we found the 

apparent charge diffusion coefficients (Dapp) for PTEMPO-2 and PTEMPO-3 were 

8.35x10-13 and 1.79x10-12 cm2 s-1. Assuming Det~Dapp in a solid-state battery, kex values 

estimated from the Dhams-Ruff equation were 4.06 x 102 and 3.38 x 102 M-1s-1(Table 

S2). The data were close to previous reports of NRPs with different radical content.50 

Since the redox reaction of TEMPO radicals always accompanies anion uptake, we 

next attempted to replace Zn(OTf)2 with a non-fluorinated electrolyte, Zn(ClO4)2. By 

comparing the cyclic voltammograms of both PTEMPO-3 redox reactions and the 

plating/stripping of zinc foil, it was found that PTEMPO-3 and zinc exhibited similar 

redox reaction behaviour in both electrolytes with potential gaps greater than 1.5 V 

(Figure 5a). Using PTEMPO-3 as a cathode, both cells demonstrated similar rates and 

cycling performance. A slightly lower capacity of 71 mAh g-1 when using Zn(OTf)2 as 

electrolytes compared to 78 mAh g-1 when using Zn(ClO4)2 (Figure 5b). We also 

observed similar polarization for both electrolytes, and the batteries remain at a 

plateau capacity of greater than 70 mAh g-1 at a C-rate of 43 to 49 C (Figures 5c and 

5d). The batteries were then charged and discharged to various states of charge 

(SOC), and their electrochemical impedance spectroscopy (EIS) spectra were 

recorded. At the charge plateau voltage of 1.64 V, the electron transfer resistance Rct 

were 33.3 and 30.0 , and at the discharge voltage of 1.45 V, the Rct were 26.7 and 

25.3   for Zn(OTf)2 and Zn(ClO4)2, respectively (Figure S9 and S10). The low but 

similar Rct indicates the fast charge transfer kinetics in both electrolytes. Oxidation of 

the TEMPO radical forms an oxoammonium cation, which requires an ion to balance 

it. Therefore, we also extracted the ion diffusion coefficient Dion for the PTEMPO 

electrode at various SOC from EIS spectra. At the charge plateau, Dion,ClO4
- was 1.29 

x10-9 cm2 s-1 and Dion,OTf
- 8.12 x10-10 cm2 s-1, which were two-order of magnitude higher 

than those observed for the batteries at fully charged or discharged states (Figures 5e 

and 5f), consistent with previous reports.51 The discrepancy of Dion values in two 
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electrolytes may explain the aforementioned higher capacities and rate performance 

of AZIBs using Zn(ClO4)2. Taken together, Zn(OTf)2 could be replaced by Zn(ClO4)2 

without compromising the performance of the PTEMPO cathode.   

 

Figure 5. (a) CV curves of zinc plating/stripping and redox reaction of PTEMPO-3 in 

aqueous electrolytes (i) 2M Zn(OTf)2 and (ii) 2M Zn(ClO4)2, (b) Cycling performance 

and (c, d) charge/discharge voltage profile of batteries in two electrolytes, (e, f) Ion 

diffusion coefficient of batteries at different SOC. Battery configuration: PTEMPO-

3/MWCNTs=1/1 (w/w), mass loading for Zn(OTf)2 3.2 mg cm-2 and (b) 3 mg cm-2. 
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MWCNTs are commonly used conductive additives in various battery systems, 

demonstrating excellent performance in NRP/metal hybrid batteries, as shown in our 

previous work52-53 and this work. Nevertheless, utilizing cheaper conductive additives 

can reduce the overall cost if the battery performance is not significantly compromised. 

To this end, we selected PTEMPO-3 as the active material to form electrode 

composites with four conductive carbon additives. Figure 6 illustrates the voltage 

profile of PTEMPO-3 AZIBs using MWCNTs, BP2000, N234 and YP-50F as 

conductive additives in 2M Zn(ClO4)2 electrolyte. N234 showed very similar rate 

performance as MWCNTs but with obvious polarization when increased current to 6C. 

While YP-50F showed poor rate performance and low capacity, BP2000 demonstrated 

excellent rate performance, as when the C-rate increased from 2 C to 11 C, the 

capacities were very close, and no polarization was observed (Figure 6). Notably, 

BP2000 and N234 are nanosized carbon additives like MWCNTs (insets in Figure 6, 

Figure S11) and could form a much larger interface with PTEMPO, the poor 

performance using YP-50F was likely due to its large particle size (i.e., >5 m). The 

cost for MWCNTs could be greater than US$500/kg, whereas N234 and BP2000 are 

much cheaper at less than US$1/kg and US$1.6/kg, respectively. Therefore, the cost 

of PTEMPO AZIBs could be drastically reduced by using either N234 or BP200 carbon. 

 

Figure 6. A comparison of battery performance for AZIBs using PTEMPO-3 as cathode, 

2M Zn(ClO4)2 as electrolytes and different carbons as conductive additives (a) 
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MWCNTs, (b) N234, (c) BP2000, and (d) YP-50F. Battery configuration: PTEMPO-

3/carbon=1/1 (w/w). 

 

To demonstrate the simplicity of pouch battery fabrication and the battery performance, 

we first assembled small pouch batteries using PTEMPO-4/MWCNTs composite as 

cathode and 2M Zn(OTf)2 as an electrolyte. With an areal mass loading of 8 mg cm-2, 

the cell can deliver a capacity of 70 mAh g-1 at a 5C rate. After 300 cycles, the cell 

retained 91% initial capacity (Figure 7a). This small pouch cell also showed excellent 

rate performance, such as 40 mAh g-1 at 80 C, i.e., fully charged in 45 seconds (Figure 

7b). These cells can easily power an LED light (Figure 7c) and an electric fan 

(Supporting video I). Since we have shown that the fluorinated electrolytes Zn(OTf)2 

and expensive MWCNTs could be replaced by Zn(ClO4)2 and BP2000, respectively, 

we finally decided to use PTEMPO-5/BP-2000 composite as cathode and Zn(ClO4)2 

as the electrolyte to fabricate a large pouch battery. The slurry was prepared using a 

probe Sonicator to disperse BP-2000 in a PTEMPO-5 ethanol solution. No fluoro-

containing electrolyte and binder were used and the toxic NMP solvent was also 

avoided. The slurry was pasted on the carbon felt with a mass loading of about 50 mg 

cm-2, the highest reported to date for organic AZIBs. We achieved 0.8-0.9 g PTEMPO-

5 in each pouch battery at 18 cm2. A typical battery displayed stable charge/discharge 

over 80 cycles with an average Coulombic efficiency of 99.8% (Figure 7d). The voltage 

profile showed increased polarization when the current increased from 100 to 300 mA, 

presumably due to the loose pack of the pouch resulting in high internal resistance 

(Figure 7e). This could be addressed with a more professional pouch battery 

production line. Nevertheless, the battery remained a decent charge and discharge 

plateaus and the performance was reproducible (Figure S12). One typical battery 

provided an average open-circuit voltage (VOC) of 1.57 V (Figure 7g), and a series of 

two batteries can be charged and discharged from 2.0 to 3.8 V with a VOC of 3.3 V, 

which remains greater than 3.05 V over 96 h (Figure 7f). The battery series can also 

power an electric fan (Figure 7h) and a model car (Supporting video II), which usually 

requires two 1.5 V primary batteries. Four pouch batteries in a series can deliver a 

VOC of 6.12 V with an average of 1.53 V (Figure 7i), again demonstrating excellent 

reproducibility. Finally, we compared our battery performance with previous polymer 

AZIBs that displayed a satisfactory discharge plateau (Table S3). Cathodes made from 
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NRPs can deliver high operational voltage, stable cyclability and superior rate 

performance. Specifically, for NRP-based AZIBs, a comparison with previous work 

shows that our system significantly lifted the areal mass loading of active materials by 

17-50 times while maintaining excellent capacities and stability at various C-rate 

(Figure 7j). These results and real battery demonstrations suggest that the PTEMPO 

cathode composite developed in this work is a practical means towards implementing 

organic AZIBs. 

 

Figure 7. Pouch battery performance: (a-c) Small pouch batteries using PTEMPO-4 

with PTEMPO/MWCNT ratio of 1/1 and an aerial loading of 8 mg cm-2, 2M Zn(OTf)2 

as an electrolyte. (a) Cyclability and the Coulombic efficiency at 5 C for 300 cycles, 

(b)Voltage profiles at various C-rates, and (c) Two pouch batteries (5 mAh each) 

lighting an LED. (d-i) Large pouch batteries using PTEMPO-5 with PTEMPO/BP 2000 

ratio of 1/1 and an aerial loading of 50 mg cm-2, and 2M Zn(ClO4)2 as an electrolyte. 

(d) Cyclability and the Coulombic efficiency of the pouch battery for 80 cycles, (e) 

Voltage profile at different charge/discharge currents, (f) Voltage profile of two pouch 

batteries and their VOC stability, (g) Digital photo showing a single pouch battery with 

60 mAh capacity and 1.576 V VOC, (h) Two pouch batteries powering an electric fan, 
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(i) Four pouch cells showing 6.120 V voltage output, (j) Radar chart to compare 

previous NRP-based AZIBs with this work. This work-1, Swagelok batteries; This work-

2, small pouch batteries; This work-3, large pouch batteries. 

 

Conclusion 

Chemical modification of a commercially available poly(MVE-alt-MA) with 4-amino-

TEMPO radical led to TEMPO-containing NRPs, PTEMPO. These polymers 

consisting of amide, methoxy, and carboxylic acid functionalities showed good 

hydrophilicity but insolubility in aqueous electrolytes, suitable being organic cathodes 

for AZIBs. The syntheses at gram to tens of grams scale result in PTEMPO polymers 

with theoretical capacities up to 93 mAh g-1. For a typical Swagelok AZIB with 50% 

active material and 50% of MWCNT using Zn(OTf)2 as an electrolyte, the battery with 

mass loading of 4.5 mg cm2 delivered a discharge capacity of 92 mAh g-1 at 10C and 

an operational voltage of 1.45 V. The battery retained 93% of its highest capacity after 

cycling 1000 times and maintained 99.93% Coulombic efficiency. Furthermore, 

Zn(ClO4)2 electrolyte and cheaper carbon additives were used to achieve optimised 

battery performance and reduced cost. Particularly, the mass loading of active 

polymers was increased to 18 mg cm-2 and the battery still delivered greater than 70 

mAh g-1 capacity at 5C. A lab-made pouch battery using scaled-up PTEMPO polymer, 

a non-fluoro Zn(ClO4)2 electrolyte and BP 2000 carbon black without binder provided 

a capacity of nearly 70 mAh g-1 and a middle discharge voltage of 1.4 V. With a mass 

loading of 50 mg cm-2, the pouch battery had a capacity of 60 mAh. This work 

developed easy access to scaled-up NRPs from a cheap commercial polymer and 

optimised its battery performance using low-cost additives with, so far, the highest 

mass loading. Our work reevaluated the utilization of high redox potential NRP 

cathodes in AZIBs, showing the promise of its real-world application. 

 

Supporting Information 

Full experimental and characterization data and videos of battery-operated electronic 

devices are supplied in Supporting Information. 
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