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Abstract: A novel nitroxyl radical polymer poly(TEMPO-acrylamide-co-sodium styrene
sulfonate) (abbreviated as poly(TAm-co-SSS)) was synthesized using 4-acrylamido-2,2,6,6-
tetramethylpiperidine (AATP) copolymerized with styrene sulfonate sodium (SSS).
AATP was synthesized through a substitution reaction of acryloyl chloride. Meanwhile,
poly(4-acrylamido-2,2,6,6-tetramethylpiperidine-1-nitroxyl radical) (PTAm) was prepared as a control
sample. Then, the structures of products were characterized by nuclear magnetic resonance
spectroscopy (1H-NMR), Fourier transform infrared spectroscopy (FT-IR), high performance
liquid chromatography-mass spectrometry (HPLC-MS), differential scanning calorimetry (DSC),
X-Ray photoelectron spectroscopy (XPS), and electron paramagnetic resonance (EPR), respectively.
Additionally, the electrochemical impedance spectra (EIS) and the charge-discharge cycling properties
were studied. The results demonstrated that the poly(TAm-co-SSS) with the side group of sodium
sulfonate adjacent to TEMPO group exhibits a better charge-discharge cycling stability than that of
the PTAm. Moreover, the charge specific capacity of the poly(TAm-co-SSS) is larger than that of the
PTAm. Besides, the first coulombic efficiency of poly(TAm-co-SSS) is higher in comparison with that
of PTAm. These superior electrochemical performances were ascribed to the synergistic effect of
sulfonate ions group and nitroxyl radical structure, which benefits the improvement of charge carrier
transportation of the nitroxyl radical polymers. Consequently, the nitroxyl radical poly(TAm-co-SSS)
is promising for use in organic radical battery materials, based on the good electrochemical properties.

Keywords: nitroxyl radical polymer; poly(TEMPO-acrylamide-co-sodium styrene sulfonate);
electrochemical properties; cathode material; organic radical battery

1. Introduction

Organic-based electrode-materials can ensure the safety and cycle performance of a lithium
secondary battery, and have the characteristics of bendable deformation, high specific energy,
wide operating temperature range, long storage life, small self-discharge, and no memory effect,
and can be used according to requirements [1–5]. Charge and discharge do not reduce battery
performance, among other advantages [6,7]. Various organic molecules have been examined toward
obtaining organic-based electrodes, such as conducting polymers, electron-donor/acceptor molecules,
metal-clusters, and organic radical molecules [8–10]. Radical polymers are composed of non-conjugated
carbon backbones that contain pendant groups bearing reversible redox products of radical species
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such as nitroxide, phenoxyl, and galvinoxyl radicals. Due to the fact that radical polymers are
completely amorphous and lack π-conjugation, charge transport occurs locally and through a reversible
oxidation–reduction (redox) reaction mechanism, the radical polymers are expected to become a new
generation of electrode materials [11,12].

As a typical radical polymer, poly(4-acrylamido-2,2,6,6-tetramethylpiperidine-1-nitroxyl radical)
(PTAm) indicates that it can be used as a novel, metal-free cathode material or long-period rechargeable
devices [13,14]. Moreover, the stable amphoteric nitroxide block copolymers which were synthesized
by block copolymerization were promising to be used as the EPR probes for bioimaging in vivo [15].
The electrochemical properties of the PTAm have been studied to confirm its potential for application
in new electrode materials [16,17]. However, although good cyclability was usually reported [18–20],
the TEMPO-substituted polyacrylamide was generally soluble in the electrolyte, leading to loss
of capacity over time [21]. Crosslinking of the polymer was then a suitable option to improve
the charge-discharge cycling stability [22]. In order to improve electrical properties of organic
electronic polymers as electrode materials, ion-bearing repeat units were intentionally added to the
macromolecular architecture of PTMA. The ion-bearing repeat units serve as intramolecular dopants in
order to enhance the transport ability of the copolymers relative to pristine PTMA [23]. Furthermore,
vinylsufonic acid as a balance group was introduced to PTMA to achieve both swelling and yet
insoluble properties in the aqueous electrolyte solution. The excellent charging–discharging properties
of the copolymer electrode allowed application to “rocking-chair-type” electrodes [24,25]. However,
to our best knowledge, there are few reports on TEMPO-substituted polyacrylamide bearing the
sulfonate sodium pendant which are prepared by copolymerization and used in the field of organic
radical batteries.

We extended the paradigm to the realm of radical polymers through the intentional addition of
ion-bearing repeat units to the macromolecular architecture of PTAm. Then, these ion-bearing repeat
units were introduced in order to enhance the charge-discharge cycling stability of the copolymers
relative to pristine PTAm. This objective of this work was to modify PTAm with sodium styrene
sulfonate—a reactive group—to obtain a hydrophilic polymer radical polymer poly(TAm-co-SSS).
This would allow the polymer material to adapt to a wider range of electrolyte solutions and
different application requirements in electronic devices. The structure and electrical properties of
poly(TAm-co-SSS) were investigated. The charge-discharge properties of the prepared polymers were
studied by galvanostatic charge-discharge testing. The radical polymer poly(TAm-co-SSS) exhibits
good electrochemical lithium storage performance. We demonstrated that the novel radical polymer
poly(TAm-co-SSS) can be used in an organic radical battery. These results highlight the ability to
expand the molecular doping paradigm beyond the conjugated polymer regime and into the realm of
radical polymers, such that materials can be synthesized in a ready and systematic fashion. It is vital to
scale up production of the organic radical polymer materials.

2. Experimental

2.1. Materials

4-Amino-2,2,6,6-tetramethylpiperidine (98%, analytically pure), toluene (analytically pure,
used after molecular sieve treatment), acryloyl chloride (98%, analytically pure), azobisisobutyronitrile
(AIBN), and styrene sulfonate (analytically pure, used after recrystallization from ethanol) were bought
from Aladdin Industrial Co., Shanghai, China; m-chloroperoxybenzoic acid (mCPBA, 98%, analytically
pure), tetrahydrofuran(99%, analytically pure) and the remaining reagents that were of analytical grade
were bought from Shanghai Macklin Biochemical Co., Ltd. (Sahnghai, China).

2.2. Synthesis of Poly(TAm-co-SSS) and PTAm

The synthesis route of the polymer (poly(TAm-co-SSS)) and PTAm is shown in Scheme 1.
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Scheme 1. The synthesis route to poly(TAm-co-SSS) and PTAm.

2.2.1. Synthesis of AATP

The molecular sieve-treated anhydrous toluene (90 mL) was poured into a 100 mL round-bottomed
flask, covered with a plastic stopper, and sealed with a tape. The flask was placed on a magnetic stirrer
with an ice bath (T < 5 ◦C). The flask was pinched in the plastic plug and purged N2 for more than
5min. The 4-Amino-2,2,6,6-tetramethylpiperidine (4.5 mL, 0.025mol) was poured into the toluene
while magnetic stirring was working. After stirring for more than 10 min, acryloyl chloride (1.9 mL,
0.022 mol) was slowly added dropwise to the flask within 30 min. Then the mixture was stirred in
the ice bath for 1 h, and then at room temperature for 1 h. When the reaction was over, the resulting
turbid liquid was filtered with a vacuum pump to collect a white precipitate. The precipitate was
washed three times with dichloromethane, and then washed with a saturated NaHCO3 solution.
The dichloromethane was removed by vacuum drying for 24 h. The final product was recrystallized
from methanol after insoluble impurities were removed, as was water by addition of anhydrous MgSO4

for more than 1 h and filtration; the final product was a white crystal [26].

2.2.2. Synthesis of Poly(AATP-co-SSS) and PAATP

AATP (0.2898 g, 0.001 mol) and SSS (0.2763 g, 0.001mol) (total monomer concentration of 1 mol/L,
nAATP/nSSS) = 1:1) were poured into a Schlenk tube containing methanol aqueous solution (2.85 mL,
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methanol /water = 2:1, v/v), AIBN (0.016 g, 0.025 mmol/L) under magnetic stirring until the solid
dissolved completely. The above mixed solution was frozen in liquid nitrogen. The Schlenk apparatus
with a double-row tube was used to pump air through the test tube suction port. In the same time
that nitrogen gas was introduced to the Schlenk tube, the frozen solution completely melted. Then,
the above operation was repeated until no bubbles were generated in the solution. The test tube
was purged with nitrogen, while it was placed in a 65 ◦C oil bath with stirring for 10 h. After that,
the reaction product was poured into n-hexane with stirring to remove AATP, SSS, and AIBN. A white
precipitate was obtained after suction filtration; then, it was dried in a vacuum oven for 24 h to remove
the residual n-hexane. A white powder poly(AATP-co-SSS) was finally obtained. In the same time,
radical polymer PAATP was synthesized by referring to the literature [13].

2.2.3. Synthesis of Poly(TAm-co-SSS) and PTAm

The poly(AATP-co-SSS) (100 mg) was dispersed completely into 5 mL of tetrahydrofuran (THF) in
a 100 mL three-necked flask equipped with a constant pressure separatory funnel under ultrasonic
vibration. Then, mCPBA (200 mg) dissolved in THF (5 mL) was added into the flask through the funnel.
Then, the mixed solution was stirred for 7 h in a nitrogen atmosphere. After that, the mixture was
washed with 20% Na2CO3 solution. The separated organic phase solution was slowly dropped into
a n-hexane solution to precipitate a product. Meantime, the radical polymer PTAm was synthesized
according to the literature [14].

2.3. Characterization and Electrochemical Measurements

The monomer AATP was characterized by high performance liquid chromatography-mass
spectrometry (HPLC-MS) (maXis Q-TOF, Bruker, GER). 1H-NMR spectra of all prepared products were
recorded on a Bruker ADVANCEIII spectrometer (Bruker, Germany) using deuterated chloroform.
FT-IR spectra were carried out on a VECTOR-22 spectrometer (Bruker, Germany) with KBr pellets at
wavelength range from 500 cm−1 to 4000 cm−1. XPS measurements were taken using a AXIS X-ray
photoelectron spectroscopy (AXIS Supra, Kratos, UK). Electron paramagnetic resonance (EPR) was
carried out on an E500 Electron paramagnetic resonance (Bruker, Germany) at a concentration of
2 mg·mL−1 in tetrahydrofuran (THF) at room temperature. DSC measurements were carried out on
the as prepared samples, using a Discovery DSC 250 series instrument (TA Instruments, New Castle,
DE, USA). The samples were initially heated to 200 ◦C and cooled to −50 ◦C at 10 ◦C·min−1 under
a nitrogen gas purge. The data shown were from the final scans from −50 ◦C to 200 ◦C at 10 ◦C·min−1.

The prepared poly(TAm-co-SSS) and PTAm were, respectively, mixed with acetylene black and
binder (PVDF) in a mass ratio (8:1:1). Then, a small amount of N-methyl pyrrolidone was added
dropwise into the above mixtures with stirring to form a uniform paste. The paste was placed on
an aluminum foil and dried under vacuum at 70 ◦C for 12 h. And then, the dried paste was cut into
slices as positive electrodes. CR2025 coin-type batteries were assembled using a lithium metal sheet as
the counter electrode and negative electrode, l mol·L−1 LiPF6/EC+DMC (1:1) solution as an electrolyte,
and celgard 2400 as the diaphragm in an argon filled glove box. The charge and discharge of the
battery were tested by the BTS-XWJ-6.44S-00052 multi-channel battery program control tester (Xinwei,
Shenzhen, China) at the voltage range from 2.0–4.3 V with the current density of 100 mA·g−1 at room
temperature. The electrochemical impedance spectra of the battery were recorded on a CPARSTATMC
electrochemical workstation (Princeton Applied Research, Princeton, NJ, USA) at an open circuit
potential with the voltage amplitude of 10 mV and the frequency range from 100 kHz to 0.1 Hz.

3. Results and Discussion

3.1. Characterization of Monomer AATP

The 1H-NMR spectrum of the prepared AATP is displayed in Figure 1a (deuterated chloroform
was the solvent). The hydrogen spectroscopy data were as follows: 6.28 (1H, d, vinyl CH2), 6.08 (1H, q,
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vinyl CH), 5.67 (1H, dd, vinyl CH2), 5.32 (1H, s, amide NH), 4.37 (1H, d, piperidine CH), 1.97 (2H, dd,
piperidine CH2), 1.29 (6H, s, 2 × CH3), 1.15 (6H, s, 2 × CH3), 0.97 (2H, t, piperidine CH2). According to
the reference [13,26], it was known that the product synthesized was an acrylamide monomer.

The FT-IR spectrum of the prepared AATP is shown in Figure 1b. The characteristic peaks of
the AATP were found as follow: 3199.71 cm−1 was assigned to the secondary amine N–H stretching
vibration peak; 1558.94 cm−1 corresponds to the amide NH bending vibration peak; 2953.75 cm−1,
2881.56 cm−1, and 2873.16 cm−1 are, respectively, ascribable to the stretching vibrational peaks of
–CH3, –CH2, and –CH on the piperidine ring; 1653.50 cm−1 was attributed to the amide C=O stretching
vibration peak; and 1618.23 cm−1 is related to the stretching vibration peak of the double bond of C=C.
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Figure 1. (a) 1H-NMR spectrum of AATP (b) FT-IR spectrum of AATP.

The HPLC-MS spectra of the monomer AATP are shown in Figure 2. The peak at 1.4 min in liquid
chromatogram corresponds to AATP (in Figure 2a). The ratio of mass to charge m/z of 211.1944 was
assigned to a molecular ion peak [M + 1] (Figure 2b). Since the AATP ion is a cation whose mass
was increased by 1 in the mass spectrum, the molecule mass [M] of the AATP should be 210.1944.
The theoretical relative molecular mass of AATP is 210.1932. Based the above results of FT-IR, 1H-NMR,
and HPLC-MS, it was confirmed that the product prepared was the AATP monomer [17].
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3.2. Structural Characterization of Poly(TAm-co-SSS) and PTAm

3.2.1. 1H-NMR Analysis of Poly(AATP-co-SSS) and PAATP

The 1H-NMR analyses were carried out to identity the copolymers poly(AATP-co-SSS) and PAATP.
The characteristic spectra are displayed in Figure 3 as follows. For both poly(AATP-co-SSS) and PAATP,
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the peak at 4.20 ppm was assigned to C–H (a) on piperidine attached to amide group. The broad
peak at 1.08 ppm is ascribable to the chemical shifts of four methyl-side groups (b) of piperidine ring.
However, the peak of 7.60 ppm which corresponds to hydrogen from the benzene ring (c) was only in
the spectrum of poly(AATP-co-SSS). Besides, the C=C bonds of AATP and SSS were participating in
the polymerization; they became single bonds. That indicates that AATP and SSS were successfully
copolymerized to form the polymer poly(AATP-co-SSS).
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3.2.2. FT-IR Analysis of PTAm, Poly(AATP-co-SSS), and Poly(TAm-co-SSS)

The FT-IR characteristic peaks of PTAm, poly(AATP-co-SSS), and poly(TAm-co-SSS) were found
as shown in Figure 4. The peak at 1551 cm−1 was assigned to an amide N–H bending vibration
peak; 1650 cm−1 was attributed to an amide C=O stretching vibration peak; 1460 cm−1 was attributed
to an N–O stretching vibration peak; 1180 cm−1 and 1040 cm−1 respectively, correspond to the
antisymmetric and symmetric stretching vibration absorption peaks of sulfonate. Compared with the
monomer AATP infrared spectrum (Figure 1b), the characteristic peaks of double bonds participating in
the polymerization become single bonds of PTAm. From the above analysis, it was found that AATP was
polymerized with sodium styrene sulfonate to form a polymerization product poly(AATP-co-SSS) [13].
Compared with the poly(AATP-co-SSS) spectrum, the absorption peak of the N–O stretching vibration
peak became significantly stronger. It resulted from the secondary amine N–H bond in pyridine
ring being oxidized to N–O radical. It also proved that the oxidation product poly(TAm-co-SSS)
was obtained.
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The FT-IR characteristic peaks of PTAm, poly(AATP-co-SSS), and poly(TAm-co-SSS) were 

found as shown in Figure 4. The peak at 1551 cm−1 was assigned to an amide N–H bending 

vibration peak; 1650 cm-1 was attributed to an amide C=O stretching vibration peak; 1460 cm−1 was 

attributed to an N–O stretching vibration peak; 1180 cm-1 and 1040 cm-1 respectively, correspond to 

the antisymmetric and symmetric stretching vibration absorption peaks of sulfonate. Compared 

with the monomer AATP infrared spectrum (Figure 1b), the characteristic peaks of double bonds 

participating in the polymerization become single bonds of PTAm. From the above analysis, it was 

found that AATP was polymerized with sodium styrene sulfonate to form a polymerization 

product poly(AATP-co-SSS) [13]. Compared with the poly(AATP-co-SSS) spectrum, the absorption 

peak of the N–O stretching vibration peak became significantly stronger. It resulted from the 

secondary amine N–H bond in pyridine ring being oxidized to N–O radical. It also proved that the 

oxidation product poly(TAm-co-SSS) was obtained.  
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Figure 4. FT-IR spectrum of poly(TAm-co-SSS), poly(AATP-co-SSS), and PTAm. 
Figure 4. FT-IR spectrum of poly(TAm-co-SSS), poly(AATP-co-SSS), and PTAm.
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3.3. XPS Analysis of Poly(TAm-co-SSS)

As we can see from Figure 5a, the entire nitrogen signal was used to analyze the oxidation of
radicals in poly(TAm-co-SSS) because the chemical bond N-H in pyridine of the polymer has participated
in the oxidation reaction. By X-ray photoelectron spectroscopy analysis of poly(AATP-co-SSS) and
poly(TAm-co-SSS), the 399.8 eV peak in the whole spectrum is assigned to the binding energy
of N–H bond in N1s in the polymer [27]. Compared with poly(AATP-co-SSS) at this position,
the significantly weak absorption intensity of poly(TAm-co-SSS) indicates that the N–H of pyridine
ring in poly(AATP-co-SSS) is oxidized to N–O• in poly(TAm-co-SSS) [27]. Furthermore, the high
resolution spectrum of N1s in Figure 5b also presents the same result. The N1s resolution spectrum
in poly(TAm-co-SSS) illustrates two different binding energy peaks including 399.8 eV and 401.0 eV
correspond to a protected nitrogen (N–H or CO–NH) and a N–O• functional group, respectively. It is
confirmed that the N-H of pyridine ring in poly(AATP-co-SSS) is oxidized to N–O• in poly(TAm-co-SSS).
Moreover, according to the chemical structure of poly(AATP-co-SSS), N–H quantity of pyridine is equal
to that of CO–NH. By quantification analysis of N–O and N–H bond of poly(TAm-co-SSS), N–H bond
of pyridine has almost been oxidized completely because the area of N–O peak is basically equal to
N-H peak from CO–NH.
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3.4. EPR Analysis of Poly(TAm-co-SSS)

The nitroxides polymers are paramagnetic because of stable nitroxides. Thus, EPR was used
to determine the N–O• radicals of poly(TAm-co-SSS) and PTAm. Figure 6 displays the EPR spectra
of poly(TAm-co-SSS) and PTAm, respectively. The result shows the hyperfine coupling constant g
values of poly(TAm-co-SSS) and PTAm are both 2.0047, which was calculated according to the formula
hν = gβH corresponding to that of TEMPO (2.0056) [27]. This proves that the nitroxide structure is
indeed present in poly(TAm-co-SSS). However, its spin-spin exchange and dipole–dipole interactions
between molecules or molecules are relatively weakened, which may be due to the TEMPO moiety in
the copolymer was partly replaced by sulfonate structure [28]. By quantifying the TEMPO radicals’
intensity, we found that the proportion of SSS section was nearly 25%(mol%). The hyperfine information
in the EPR spectrum of the TEMPO radicals in the poly(TAm-co-SSS) can be clearly distinguished by
the external SSS section. Furthermore, the EPR spectrum of the polymer poly(TAm-co-SSS) shows
a little broader peak at H = 3505 than that of PTAm. The difference in line width of nitroxyl radicals
between poly(TAm-co-SSS) and PTAm is mainly due to the constant transition of electrons between
two energy levels, which is a dynamic equilibrium process [29].
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Figure 6. EPR spectra of poly(TAm-co-SSS) and PTAm at a concentration of 2 mg/mL in tetrahydrofuran
(THF) at room temperature.

3.5. Thermal Characterization

DSC thermograms corresponding to poly(TAm-co-SSS) and PTAm are shown in Figure 7. It can
be seen from Figure 7 that the second heating curve shape is similar for both polymers. Only small
changes in heat flow were present at around 150 ◦C. Both polymers having no crystallization or melting
endotherm between ambient temperature and 200 ◦C indicates that the polymers are amorphous,
which is highly desirable for lithium ion transport. Thermal behavior observed here is similar with the
results described for poly(2,2,6,6-tetramethylpiperidinyloxy methacrylate) (PTMA) in the literature [29].
This result suggests that modification of PTAm with sulfonate does not change thermal behavior.
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3.6. Electrochemical Performance of Poly(TAm-co-SSS)

3.6.1. Electrochemical Impedance Spectra

It is generally believed that the AC impedance spectrum is composed of a straight line located in
the low frequency region and a semicircular curve located in the high frequency region. The body
resistance Rb corresponds to the diameter of the semi-circular curve of the high frequency region of the
system. Meanwhile, the smaller the diameter is, the smaller the body resistance of the corresponding
system is. That is, the conductivity is the higher. Figure 8 shows that the impedance map of
poly(TAm-co-SSS) exhibits a distinct semicircle in the high frequency range. The radius of the semicircle
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indicates the impedance of the poly(TAm-co-SSS) electrode when it is electrochemically polarized,
and presents a straight line at the low frequency band [30]. The semicircle of the AC impedance
spectrum gradually shrinks and decreases toward the high frequency, and finally degenerates into
a slanted straight line. From the semi-circular curve of the high frequency region in its AC impedance
spectrum, the impedance of poly(TAm-co-SSS) is 223 Ω, which is almost similar to that of PTAm is
218 Ω. The possible reason is that the nitroxyl radical polymer containing ion holes is activated in
the test processing [31]. The doping modification from the sulfonate at the benzene ring affects the
internal resistance of the entire electrode [32]. This polymer has good electrical conductivity and can
be used as an electrode material for batteries.
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3.6.2. Charge–Discharge Performance

Figure 9 presents charge-discharge specific cycle curves and coulombic efficiency curves of
(a) PTAm and (b) poly(TAm-co-SSS) at the current density of 100 mA·g−1. The test conditions of
the poly(TAm-co-SSS) as a lithium positive electrode material were the same as those of the PTAm.
Meantime, the poly(TAm-co-SSS) had charge and discharge curves similar to that of the PTAm as
a comparative sample. At the initial stabilization cycle, the capacity was slightly attenuated. As the
cycle progressed, the capacity of poly(TAm-co-SSS) increased to some extent. After 10 charging and
discharging cycles, the capacity began to stabilize. That may be because the solid electrolyte interface
(SEI) film which formed in the lithium battery hindered the cycle progress of charge and discharge at the
first cycle. After that, the carbon structure on the backbone of the nitroxyl radical polymer was gradually
activated to be a polymer structure with more electron transfer active sites. It is worth mentioning that
the reversible specific capacity of poly(TAm-co-SSS) as an active electrode material is 95.7 mAh·g−1.
After 100 cycles, the specific capacity of poly(TAm-co-SSS) was maintained at 95 mAh·g−1 (the retention
is over 95%), which is higher than of the PTAm. That indicates that the poly(TAm-co-SSS) has a better
charge-discharge cycling stability than that of the PTAm. Moreover, the first coulombic efficiency (78%)
of poly(TAm-co-SSS) was higher in comparison with that of PTAm (52%). So the poly(TAm-co-SSS) has
better electrochemical performance superior to the PTAm. It is may due to the synergistic effect of
sulfonate ions group and nitroxyl radical structure which has a great influence on the nitroxyl radical
polymer. The sulfonate ions group which was introduced into PTAm not only increases the electron
mobility, but also facilitates the transport of lithium ions [33]. PTAm copolymerized with styrene
sulfonate utilizes an electro-inactive styrene sulfonate anionic moiety as the self-charge balancing
and Li+ hosting group to improve exchange of Li+ ions [34]. Moreover, PTAm copolymerized with
styrene sulfonate has not only hydrophilic but also some hydrophobic nature. Thus, this swollen
state of anionic group can facilitate the cation migration in the diffusion front at polymer/electrolyte
interface [24]. Consequently, the nitroxyl radical poly(TAm-co-SSS) exhibits good electrochemistry
Li-ion storage performance.
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3.6.3. Change of Morphology

The morphologies of the as-obtained polymers and cathode material before and after the cycling
test have also been investigated by SEM. The morphology changes from PTAm to poly(TAm-co-SSS)
also verifies the stability performance of charge-discharge cycling. As can be seen in Figure 10,
the aggregation of (a) PTAm particles is obviously a dense packing plate-like structure. Comparatively,
as the PSS-based moieties are introduced into PTAm, the morphology of poly(TAm-co-SSS) (b) obviously
changes from that of PTAm. A medium-magnification (12,000×) SEM image of poly(TAm-co-SSS)
clearly shows that the sample has a looser stacking structure. The electrode material with a loose
assemble particle and large special surface area is in favor of the utilization of electrode-active material
as well as the improvement of the electrochemical properties [22]. SEM images before (c) and after (d)
cycling tests at high-magnification (30,000×) are shown in Figure 10. When comparing the surface
morphologies of poly(TAm-co-SSS) cathode before and after charge−discharge cycling tests, we also
found that the cathode structure nearly maintained its initial state, except for the covered lithium salt
and solid electrolyte. Sulfonate sodium as a balance group was introduced to PTAm to achieve both
swelling and yet insoluble properties in the aqueous electrolyte solution. During the charging and
discharging process, the sulfonate structure can be well maintained without destroying the structure of
the nitroxyl radicals, ensuring the cycle stability and safety performances of the materials. All of those
are very important to prepare a good cathode material for Li-ion batteries.
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4. Conclusions

In this work, a paradigm was extended to the realm of radical polymers through the intentional
addition of ion-bearing repeat units to the macromolecular architecture of the radical polymer
PTAm. As its key monomer, 4-acrylamido-2,2,6,6-tetramethylpiperidine was prepared using
4-amino-2,2,6,6-tetramethyl-piperidine and acryloyl chloride. The AATP was characterized by
1H-NMR, FT-IR, and HPLC-MS. The white powder poly(AATP-co-SSS) was obtained by free radical
polymerization with sodium styrene sulfonate (SSS) and AATP. After oxidation, a faint yellow solid
poly(TAm-co-SSS) was formed and characterized by FT-IR and XPS. The structure confirms that the
product synthesized was the target product. By performing a button cell assembly on the synthesized
radical polymer poly(TAm-co-SSS), the capacity and electrochemical performance tests were carried
out. Adjusting pendant groups and medium crossing structure can enhance the transport ability
and improve the charge-discharge cycling stability. The TEMPO-substituted polyacrylamide bearing
sulfonate sodium pendant is expected to be used as an organic electrode material. It provides a vital
pathway by which to optimize next-generation radical polymer designs.

Author Contributions: Conceptualization, J.Z. and H.T.; methodology, J.Z. and T.Z.; formal analysis, J.Z. and T.Z.;
investigation, W.Z.; writing—original draft preparation, H.T.; writing—review and editing, J.Z.; supervision, J.Z.

Funding: This research was funded by the Natural Science Foundation of Shaanxi Province (number 2018JM2023)
and the Key Laboratory Scientific Research Project of Shaanxi Provincial Education Department (number 18JS014).

Acknowledgments: The authors gratefully thank Xiaowu Yang for his donation of the test instrument used for
evaluating the battery.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Nishide, H.; Iwasa, S.; Pu, Y.J.; Suga, T.; Nakahara, K.; Satoh, M. Organic radical battery: Nitroxide polymers
as a cathode-active material. Electrochim. Acta 2004, 50, 827–831. [CrossRef]

2. Kim, K.M.; Kim, J.C.; Park, N.G.; Ryu, K.S.; Chang, S.H. Capacity and cycle performance of a lithium-ion
polymer battery using commercially available LiNiCoO2. J. Power Sources 2003, 123, 69–74. [CrossRef]

3. Erickson, E.M.; Ghanty, C.; Aurbach, D. New horizons for conventional lithium ion battery technology. J.
Phys. Chem. Lett. 2014, 5, 3313–3324. [CrossRef]

4. Gu, T.; Zhou, M.; Huang, B.; Cao, S.; Wang, J.; Tang, Y.; Cheng, S.J.; Jiang, K. Advanced Li-organic batteries
with super-high capacity and long cycle life via multiple redox reactions. Chem. Eng. J. 2019, 373, 501–507.
[CrossRef]

5. Zhang, K.; Monteiro, M.J.; Jia, Z. Stable organic radical polymers: Synthesis and applications. Polym. Chem.
2016, 7, 5589–5614. [CrossRef]

6. Ma, Z.; Wei, A.; Ma, J.; Shao, L.; Jiang, H.; Dong, D.; Wang, Q.; Kang, S. Lightweight, compressible and
electrically conductive polyurethane sponges coated with synergistic multiwalled carbon nanotubes and
graphene for piezoresistive sensors. Nanoscale 2018, 10, 7116–7126. [CrossRef]

7. Liu, S.; Zhang, H.; Xu, L.; Ma, L.; Hou, X. High lithium storage performance of Mn-doped Sn4P3 nanoparticles.
Electrochim. Acta 2016, 210, 888–896. [CrossRef]

8. Aydın, M.; Esat, B.; Kılıç, Ç.; Köse, M.E.; Ata, A.; Yılmaz, F. A polythiophene derivative bearing TEMPO as
a cathode material for rechargeable batteries. Eur. Polym. J. 2011, 47, 2283–2294. [CrossRef]

9. Reyes, Y.; Asua, J.M. Revisiting chain transfer to polymer and branching in controlled radical polymerization
of butyl acrylate. Macromol. Rapid Commun. 2011, 32, 63–67. [CrossRef]

10. Li, Y.; Jian, Z.; Lang, M.; Zhang, C.; Huang, X. Covalently functionalized graphene by radical polymers
for graphene-based high-performance cathode materials. ACS Appl. Mater. Interfaces 2016, 8, 17352–17359.
[CrossRef]

11. Xu, L.; Yang, F.; Su, C.; Ji, L.; Zhang, C. Synthesis and properties of novel TEMPO-contained polypyrrole
derivatives as the cathode material of organic radical battery. Electrochim. Acta 2014, 130, 148–155. [CrossRef]

12. Wang, J.; Wu, C.; Wu, P.; Li, X.; Zhang, M.; Zhu, J. Polypyrrole capacitance characteristics with different
doping ions and thicknesses. Phys. Chem. Chem. Phys. 2017, 19, 21165–21173. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.electacta.2004.02.052
http://dx.doi.org/10.1016/S0378-7753(03)00512-3
http://dx.doi.org/10.1021/jz501387m
http://dx.doi.org/10.1016/j.cej.2019.05.062
http://dx.doi.org/10.1039/C6PY00996D
http://dx.doi.org/10.1039/C8NR00004B
http://dx.doi.org/10.1016/j.electacta.2016.06.015
http://dx.doi.org/10.1016/j.eurpolymj.2011.09.002
http://dx.doi.org/10.1002/marc.201000375
http://dx.doi.org/10.1021/acsami.6b05271
http://dx.doi.org/10.1016/j.electacta.2014.03.017
http://dx.doi.org/10.1039/C7CP02707A
http://www.ncbi.nlm.nih.gov/pubmed/28752171


Polymers 2019, 11, 2076 12 of 13

13. Koshika, K.; Chikushi, N.; Sano, N.; Oyaizu, K.; Nishide, H.A. TEMPO-substituted polyacrylamide as a new
cathode material: An organic rechargeable device composed of polymer electrodes and aqueous electrolyte.
Green Chem. 2010, 12, 1573–1575. [CrossRef]

14. Chikushi, N.; Yamada, H.; Oyaizu, K.; Nishide, H. TEMPO-substituted polyacrylamide for an aqueous
electrolyte-typed and organic-based rechargeable device. Sci. China Chem. 2012, 55, 822–829. [CrossRef]

15. Zhuang, X.; Xiao, C.; Oyaizu, K.; Chikushi, N.; Chen, X.; Nishide, H. Synthesis of amphiphilic block
copolymers bearing stable nitroxyl radicals. J. Polym. Sci. 2010, 48, 5404–5410. [CrossRef]

16. Cao, L.; Sadaf, S.; Beladi-Mousavi, S.M.; Walder, L. PolyTEMPO and polyviologen on carbon nanotubes:
Syntheses, structures and organic battery applications. Eur. Polym. J. 2013, 49, 1923–1934. [CrossRef]

17. Janoschka, T.; Morgenstern, S.; Hiller, H.; Friebe, C.; Wolkersdörfer, K.; Häupler, B.; Hager, M.; Schubert, U.S.
Synthesis and characterization of TEMPO-and viologen-polymers for water-based redox-flow batteries.
Polym. Chem. 2015, 6, 7801–7811. [CrossRef]

18. Li, N.; Chen, W.; Chen, G.; Tian, J. Rapid shape memory TEMPO-oxidized cellulose
nanofibers/polyacrylamide/gelatin hydrogels with enhanced mechanical strength. Carbohyd. Polym. 2017,
171, 77–84. [CrossRef]

19. Sano, N.; Tomita, W.; Hara, S.; Min, C.M.; Lee, J.S.; Oyaizu, K.; Nishide, H. Polyviologen hydrogel with
high-rate capability for anodes toward an aqueous electrolyte-type and organic-based rechargeable device.
ACS Appl. Mater. Interfaces 2013, 5, 1355–1361. [CrossRef]

20. Sukegawa, T.; Masuko, I.; Oyaizu, K.; Nishide, H. Expanding the dimensionality of polymers populated with
organic robust radicals toward flow cell application: Synthesis of TEMPO-crowded bottlebrush polymers
using anionic polymerization and ROMP. Macromolecules 2014, 47, 8611–8617. [CrossRef]

21. Lin, C.H.; Chau, C.M.; Lee, J.T. Synthesis and characterization of polythiophene grafted with a nitroxide
radical polymer via atom transfer radical polymerization. Polym. Chem. 2012, 3, 1467–1474. [CrossRef]

22. Hauffman, G.; Rolland, J.; Bourgeois, J.P.; Vlad, A.; Gohy, J.F. Synthesis of nitroxide-containing block
copolymers for the formation of organic cathodes. J. Polym. Sci. 2013, 51, 101–108. [CrossRef]

23. Chan, H.; Wang, Y.; Boudouris, B.W. Effect of intrachain sulfonic acid dopants on the solid-state charge
mobility of a model radical polymer. Thin Solid Film. 2015, 577, 56–61. [CrossRef]

24. Chae, I.S.; Koyano, M.; Oyaizu, K.; Nishide, H. Self-doping inspired zwitterionic pendant design of radical
polymers toward a rocking-chair-type organic cathode-active material. J. Mater. Chem. A 2013, 1, 1326–1333.
[CrossRef]

25. Kalachyova, Y.; Guselnikova, O.; Hnatowicz, V.; Postnikov, P.; Švorčík, V.; Lyutakov, O. Flexible Conductive
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