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In this work, poly(N-methyl-3,4-dihydrothieno[3,4-b][1,4]oxazine) (PMDTO), a
new nitrogen poly(3,4-ethylendioxythiophene) (PEDOT) analogue, was synthesized
by electrochemical deposition method and the capacitive properties of PMDTO was
investigated and compared with that of PEDOT. The structure and morphology of
PMDTO were characterized by Ultraviolet-visible spectroscopy, Fourier transform
infrared spectroscopy, scanning electron microscopy, and thermal analysis. The
pseudocapacitive properties of as-prepared PMDTO electrodes have been examined
by cyclic voltammetry (CV), galvanostatic charge-discharge (GCD) and
electrochemical impedance spectroscopy (EIS) in 0.1 mol L' CH;CN-BusNBF,
electrolyte solution. As-prepared PMDTO electrode showed a high specific

capacitance of 154.3 F g at a discharge current density of 3 A g and exhibited
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cycling stability with maximal capacitance retention of nearly 71% after 500 cycles at
a high current density of 10 A g'l. Additionally, the asymmetrical supercapacitor based
on PMDTO electrode and PEDOT electrode exhibited a maximum specific
capacitance of 63.5 F g, an energy density of 12.7 Wh kg™ at a power density of 0.59
kW kg'l. These results implied that the PMDTO electrode can be used as a potential
electrode material for supercapacitors.
1. Introduction

Among conducting polymers (CPs), polythiophenes are among the best
investigated and most frequently used conjugated materials. Wide potential
applications of CPs have been found in organic electronic devices, such as photonics,
nanoarchitectures, chemical and biological sensors, and electrochemical capacitors.'™
Among them, poly(3,4-ethylendioxythiophene) (PEDOT), is one of the most
extensively researched polymers due to its moderate band gap (1.6 eV), low oxidation
potential, high conductivity (easily up to 500 S ecm™), outstanding environmental
stability, and compatibility with aqueous electrolytes.“'6 Especially, its excellent
electrochemical behaviors (wide potential range, fast redox transitions and excellent
electro-stability), =~ make PEDOT-based materials quite  promising in
supercapacitors.” '’

Supercapacitors (SCs) are emerging as a new class of energy storage devices that
exhibiting intermediate properties of high-energy-density batteries, high-power
electrolytic capacitors, along with long cycle life, fast charge time, and safe operation

mode.' "2 According to the charge storage mechanism, SCs can be divided into
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electrochemical double-layer capacitors (EDLCs) and pseudocapacitors. The
mechanism of EDLCs arises from charge accumulation in the electric double layer
formed at the electrode/electrolyte interface where the electrode possessing typical
carbon materials with large surface area and low matrix resistivity.''* The other, the
pseudocapacitors (redox capacitors) do not store charge electrostatically but store
charge using fast, reversible, surface or near-surface redox reactions of the
electroactive species, typically transition metal oxides or CPs as the electrode

. 11517
materials.

Among various materials that have been investigated for
supercapacitors, CPs are inevitable because of the fast switching between the oxidized
and reduced states, high conductivity, environmental friendliness, low cost, and
excellent mechanical properties.'®*°

Although PEDOT was considered as a promising electrode material for
supercapacitors, its moderate specific capacitance’ ** compared with other CPs
suggested a need to develop new alternatives. At present, many methods have been
developed to improve the capacitive performance of PEDOT, such as constructing
composites with nanostructure carbon or metal oxides, microstructure modification,
novel dopant schemes, and developing asymmetric devices.”” Nevertheless, in
addition to these efforts continuing to advance this field, there is a need to develop
new CPs with enhanced faradaic charge storage.

On the other hand, only a finite number of CPs for supercapacitor applications has

been investigated so far. Nowadays, many researchers have paid attentions to

synthesize new CPs with preferable capacitive performance and higher specific
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capacitance values. Recently, Mustafa Giilli and collaborators reported the
supercapacitive properties of a series of novel thiophene polymers, which showed a
satisfactory supercapacitive performance
(poly(5,12-dihydrothieno[3,4:2,3][ 1,4]dioxocino-[6,7-b]quinoxaline (213.7 F g'l),
poly(2,3,4a,9a-tetrahydro[ 1,4]-dioxino[2,3-b]thieno[3,4-¢][1,4] dioxine) (260 F g'l),
etc)®* John R. Reynolds et al studied the capacitive behaviors of
poly(2,2-dimethyl-3,4-propylene-dioxythipohene) (PProDOTMe;) as polymeric
electrodes in Type I electrochemical supercapacitors.”® This device presented robust
capacitive charging/discharging behaviors (85% retained after 32000 cycles) with
specific capacitance of 55 F g'. Poly(3,4-ethylene-dithiothiophene) (PEDTT), the
sulfur analogue of PEDOT, with high discharge specific capacity (> 425 mAh g,
higher than PEDOT (140 mAh g_l)), was a promising cathode active material for
rechargeable lithium batteries.*® These investigations indicate that the design and
synthesis of the novel thiophene-based conducting polymers or PEDOT analogues
and derivatives as alternatives of PEDOT in pseudocapacitor applications are quite
feasible.

Poly(N-methyl-3,4-dihydrothieno[3,4-b][1,4]-oxazine) (PMDTO), a new nitrogen
analogue of PEDOT consisting of an electron donating group, dihydro-1,4-oxazine
ring similar to dihydro-1,4-dioxine ring of EDOT, was first synthesized by Mustafa
Giillu *' and expected to exhibit electrochemical performance comparable to PEDOT
as electrode material in pseudocapacitor applications. As the author stated, PMDTO

modified electrodes have more effective electrochemical ability as cathode material
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(n-dopable electrode) than PEDOT. What amazed us was that the symmetric
pseudocapacitor cell based on two PMDTO electrodes showed excellent
supercapacitive performance (312.3 F g'), much better than those results found in the
literature up to date for pseudocapacitors constructed with thiophene-based
conducting polymers. To the best of our knowledge, it is very difficult for a
supercapacitor based on CPs to achieve such high supercapacitive performance.
Therefore, the fundamental understanding of the supercapacitive properties of
PMDTO is very necessary and significant.

Herein, in this work, we describe the electrochemical polymerization and capacitive
properties of PMDTO as polymeric electrodes for supercapacitors. For comparison,
the capacitive properties of PEDOT were also investigated under the same conditions.
Experiments found that the electrodes based on PMDTO could display higher specific
capacitance than PEDOT under the same conditions. Nevertheless, the capacitive
properties of PMDTO device are inferior to that of PEDOT device. Furthermore, the
structural characterization, morphology and thermal stability of PMDTO films were

also minutely investigated.
2. Experimental section

2.1 Chemicals

3,4-Dibromothiophene was purchased from Shanghai Vita Chemical Reagent Co.,
Ltd. China. 2-(Methylamino)ethanol (Energy Chemical) and

N,N-dimethylethanolamine (DEANOL, Aladdin) were used as received. Acetonitrile



New Journal of Chemistry

(CH;CN) were purchased from Beijing Chemical Plant, China and used after reflux
distillation. Tetrabutyl-ammonium tetrafloroborate (BusNBFs) was purchased from
Sigma Aldrich and used without further purification. Other reagents were all

analytical grade and used directly without further purification unless otherwise noted.

2.2 Monomer synthesis

e e L
| S S™ /n
MDTO PMDTO

Br_ Br  cul Cs,CO;, DEANOL O  N-CH, O  N-CH;
?/ \f - Electropolymerisation

Scheme 1 Strategy for the synthesis of MDTO and the electrosynthesis of PMDTO.

N-methyl-3,4-dihydrothieno[3,4-b][1,4]oxazine ~ (MDTO) was  synthesized
according to previous reported methods.*' 2-(Methylamino)ethanol (10 mL, excess)
was added to a stirred solution in N,N-dimethylethanolamine (30 mL) containing
3,4-dibromothiophene (1.10 g, 4.55 mmol), copper () iodide (0.25 g, 1.31 mmol) and
cesium carbonate (4.46 g, 13.7 mmol), and the reaction mixture was allowed to come
to 90 °C. After refluxing for 48 h under nitrogen atmosphere, the reaction mixture was
extracted with moderate dichloromethane, washed with brine and combined organic
layers, and dried over MgSO,. Purification of the residue was accomplished by
chromatography on silica by a silica gel column chromatography using
ethylacetate/hexane = 1/20 as an eluent. The product was obtained as light yellow oil
that turned brown on exposure to air with time (0.43 g, 60% yield). 'H NMR (400
MHz, CDCls) o/ppm: 2.83 (s, 3H), 3.09 (t, J = 4.40 Hz, 2H), 4.28 (t, J = 4.40 Hz, 2H),

5.92 (d, J = 3.20 Hz, 1H), 6.27 (d, J = 3.20 Hz, 1H). °C NMR (400 MHz, CDCl;)
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d/ppm: 39.64, 48.46, 65.89, 94.94, 98.97, 137.18, 143.53.
2.3 Preparation of PMDTO electrodes

The polymer films were grown potentiostatically on Pt substrates at suitable
electrode potential (at + 0.7 V for MDTO, and at +1.4 V for EDOT) in the presence of
0.03 mol L monomer in acetonitrile containing 0.1 mol L BusNBF,. After
electropolymerization, the obtained polymer electrodes were washed repeatedly with
monomer free acetonitrile to remove the electrolyte and monomer from electrode
surface.

The mass of polymer films (m) was calculated from the total charge passed through

the cell during the film growth process, according to eq. (1)*:

0™,y

FZ1

(M

Here, m is calculated by using the charge (Quep:), assuming a 100% current efficiency
() (the total charge passed through the cell during the polymer film growth process).
M, is the molecular weight of MDTO or EDOT, F is the Faraday constant (96,485
C/mol). Z; is the number of electrons transferred per monomer attached to the
polymer, in which Z, = 2 + f*°. The partial charge fis called the doping level, the
calculated f was about 0.22 for PMDTO and 0.33 for PEDOT in the experiments,

assuming a 100% current efficiency (), according to eq. (2) *":

ZQO

6,0,

2)

Where Q, is the total charge used for polymer deposition, and Q, is the total charge of

oxidized species in the polymer films.
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We have validated the reproducibility of mass through calculation of eq. (1)
through five parallel experiments. To obtain a sufficient amount of polymer for
weighing, we used Pt sheet with a surface area of 5 cm” as working electrode. Namely,
after deposition of polymers, the polymers were washed repeatedly with anhydrous
CH;CN to remove the supporting electrolyte and un-reacted monomer. Then, the Pt
sheet coated polymer films were dried under vacuum at 60 °C for 24 h to remove the
solvent. The mass of PMDTO and PEDOT deposited on Pt sheet was weighed out
using a micro-analytical balance. The calculated standard deviation is about 3.3%
through five parallel experiments. The mass calculated through eq. (1) is about 10%
higher than that obtained by weighing method. In this paper, the mass calculated
through eq. (1) was used to obtain the specific capacitance. The amount of PEDOT
and PMDTO was similar, was 10.11 pg and 10.27 pg, respectively.

To obtain a sufficient amount of the polymer films for characterization,
ITO-coated glasses were employed as the working electrode and another Pt sheet was
used as the counter electrode. They were placed 5 mm apart during the examinations.
Prior to each experiment, the ITO electrodes were immersed in ethanol for 6 h and
ultrasonically cleaned for 15 min, then cleaned successively with water and acetone,
and then dried in air. An Ag/AgCl electrode directly immersed in the solution served
as the reference electrode, and it revealed sufficient stability during the experiments.
The polymer was deposited on ITO electrodes by potential method at suitable
electrode potential (at + 0.7 V for MDTO, and at +1.4 V for EDOT) in the presence of

0.03 mol L' monomer in acetonitrile containing 0.1 mol Lt BusNBF,.
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2.4 Fabrication of the pseudocapacitor cells

Asymmetric supercapacitor cell was assembled by using PMDTO modified Pt
electrode as anode and PEDOT modified Pt electrode as cathode. Symmetric
supercapacitor cells were assembled by using two PEDOT modified Pt electrodes as both the
anode and cathode active materials. A two electrode configuration was set up in both the
symmetric and asymmetric type pseudocapacitor cells (The distance of two electrodes
is fixed at about 5 mm). The polymer coated Pt electrodes were placed in cylindrical
glass cell (30 mm x60 mm) filled with 0.1 mol L™ acetonitrile-tetrabutylammonium
tetrafloroborate (CH3;CN-BuyNBF,4) supporting electrolyte system and sealed with a
plastic stopper. All symmetric pseudocapacitor cells (Cell 1 and Cell 2) were
constructed by using this procedure.

Configuration of pseudocapacitor cells:

Cell 1: PMDTO modified Pt/0.1 mol L' CH;CN-BuysNBF4/PEDOT modified Pt

Cell 2: PEDOT modified Pt/0.1 mol L™ CH;CN-BuyNBF4+/PEDOT modified Pt
2.5 Characterization

The surface morphologies of PMDTO electrode materials were characterized by
field-emission SEM (FE-SEM, JSM-6330F). Infrared spectra were determined with a
Bruker Vertex 70 Fourier-transform infrared (FT-IR) spectrometer with samples in
KBr pellets. Ultraviolet—visible spectroscopy (UV-vis) was measured on a UV-vis
spectrophotometer (SPECORD 200). The thermogravimetric analysis (TGA) was
performed with a thermal analyzer of NETZSCH TG209 under a nitrogen stream in

the temperature range of 295-1173 K with a heating rate of 10 K/min. Cyclic
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voltammetry (CV), galvanostatic charge—discharge, and electrochemical impedance
spectroscopy (EIS) measurements were conducted using an electrochemical
workstation (CHI 660B). The electrochemical studies of the individual electrode were
performed in a three-electrode cell, with a Pt counter electrode and an Ag/AgCl
reference electrode. All the electrochemical measurements for electrodes were
performed in 0.1 mol L CH3CN-Buy;NBF, supporting electrolyte system at room
temperature. All the measurements were measured using a CHI 660B electrochemical
workstation. The EIS measurements were recorded under AC voltage amplitude of 5
mV, a frequency range of 10° to 0.01 Hz, and an open circuit potential of 0.7 V (vs
Ag/AgCl).
2.6 Details of computations

All calculations were carried out using the Gaussian 03 program.3 ¥ The structure
of the trimmers were optimized without symmetry constraints using a hybrid density

. 39,40
functional™

and Becke's three-parameter exchange functional combined with the
LYP correlation functional (B3LYP)*"* wusing the 6-31G(d,p) basis set
(B3LYP/6-31G(d,p)). Vibrational frequencies were evaluated at the same level to

identify the real minimum energy structures.

3. Results
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Fig. 1 Cyclic voltammograms of 0.03 mol L' MDTO (A) and EDOT (B) in 0.1 mol

L' CH;CN-BuyNBF; at the scan rate of 100 mV s™' (j = current density).

Fig.1 shows the successive CV curves of 0.03 mol L' MDTO in
CH;CN-BuyNBF, between -0.5 and 0.65 V at a potential scan rate of 100 mV s, As
shown in Fig. 1A, the onset oxidation potential (Epa, onset) of MDTO in the solution is
+0.57 V vs Ag/AgCl, which is lower than that of EDOT (+1.24 V vs Ag/AgCl) (Fig.
1B), thieno[3,4-b]-1,4-oxathiane (EOTT) in CH;CN-BuNPF; (0.1 M) (nearly +1.2 V
vs Ag/AgCl), * 34-ethylenedithiothiophene (EDTT) in BmimPFs (+0.93 V vs
Ag/AgCl).*

This is a surprising phenomenon for that the insertion of nitrogen that is less
electronegative than oxygen but lowers the oxidation potential so much. Combined
with the experimental results and previous reported results, we made the following
assumptions: the cooperation of the strong electron-donating properties of the
nitrogen atom and the methyl groups, * the conjugation of the p-n* and 7-m*
transitions and the more facilely formation of ammonium cationic radicals. As is

known, the heteroatom proved to play an important role in tuning the properties of the
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resulting conjugated polymers. It is also reported that the onset electrochemical
oxidation potentials of 3,4-methylenedithiopyrrole, 46 3,4-ethylenedioxypyrrole
(EDOP), ¥’ 3 4-ethylenedithio-pyrrole, ** and 3,4-alkylenedioxypyrroles (XDOPs) *
were lower than those corresponding EDOT variants. From another point of view, the
low potential would provide considerably milder polymerization conditions and
would be in favor of yielding a high quality polymer. *® Hence, the replacement of
oxygen atom by nitrogen atom would have a positive effect on the final PMDTO
films.

The polymerization of MDTO presents an oxidation peak at +0.32 V and a board
reduction peak at +0.15 V. As the CV scan continues, PMDTO polymers were formed
on the working electrode surface. In the cathodic scan process, the shift of peak
potentials implied the increase of electrical resistance in the polymer film and the
overpotential required to overcome this resistance. The apparent reduction peaks may
be assigned to the transformation from the quinoid structure to the aromatic state. >’
The increase in the oxidation/reduction wave current densities indicated that
increasing amount of conducting polymers was deposited on the electrode. A similar
phenomenon was also observed during the electro-polymerization of EDOT in
CH;CN-BusNBF; (Fig. 1B).

In this work, the PEDOT and PMDTO films were all prepared by the potentiostatic
method at certain potential (EDOT: +1.4 V vs Ag/AgCl, MDTO: +0.7 V vs Ag/AgCl).
For SEM, UV-vis, FT-IR, and thermal characterizations, polymer films were

deposited on ITO-coated glass for a certain time. Before electrochemical test, the
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resulting PEDOT and PMDTO films were rinsed with monomer-free CH;CN solution

repeatedly, and then transfered to another cell for the test.

The scan electron microscope (SEM) (Fig.S1) of PMDTO showed very sponge-like
structure morphology, which was different from the heterogeneous and porous
morphology of PEDOT. ’ This morphology might facilitate the movement of doping
anions into and out of the polymer film during the doping and de-doping process, '
which is an ideal surface morphology for pseudocapacitor applications. The film
thickness (Fig.S2) showed that the film thickness of PMDOT and PEDOT were about

0.8 um and 1.0 um, respectively.

The UV-vis absorption spectra of MDTO monomer in CH3;CN solution and the
corresponding polymer films deposited on ITO electrode are shown in Fig.2. The
absorption maxima for MDTO monomer (a) is 278 nm, lying between EDOT (258
nm), 3,4-ethylenediselenathiophene (EDST) (282 nm) and
3,4-ethylenedithiathiophene (EDTT) (289 nm), 52 representing the substituent effect
of different heteroatoms and substituents toward the m-n* transition. Meanwhile, the
Amax Of PMDTO (b) was observed at about 465 nm, with a blue shift of about 111 nm
to PEDOT (576 nm). This is possibly attributed to the increasing planarity of the
polymer chains (PEDOT > PMDTO, spectra obtained from thin films). In addition,
the bathochromic shift (307 nm) of PMDTO when compared with the monomer
indicates the occurrence of electrochemical polymerization among the monomers and

the formation of a conjugated polymer with longer effective conjugation length.
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Fig. 2 UV-vis spectra of MDTO monomer (A) and the de-doped PMDTO (B) and

PEDOT (C) film on ITO electrode at -1.0 V vs Ag/AgCI.

To obtain a further interpretation of polymers, including planar structure,
HOMO-LUMO levels, and band gap, density functional theory calculations have been
performed. Quantum chemical calculations were performed on the trimers: (EDOT)3,
3,4-dihydro-2H-thieno[3,4-b][ 1,4]oxazine (D[2H]TO)3, and (MDTO)3 using the
Gaussian 03 suite of programs (Fig.3). Geometry optimization at the B3LYP/6-31G(d)
level predicts a highly planar structure for (EDOT)3, the optimized dihedral angles
between the planes of the thiophene units was 178° (close to 180°). This indicates the
highest possible m-electron coupling, which lowers the HOMO-LUMO gap of the
corresponding polymers, allowing the preparation of conjugated polymers with
enhanced main chain planarity and higher electrical conductivity. When one oxygen
atom was replaced by nitrogen atom [(D[2H]TO)3], these angles are 160°, the

structure is less planar. In (MDTO)3, the dihedral angle opens to 108°, giving a highly
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nonplanar structure. All these results indicated that the difference in the ethylene
bridge would decrease planarity of the corresponding polymers. We repeated the
geometry optimizations starting from planar structures, but in all cases, the same

structures were obtained.

Optimized- -geometry HOMO LUMO
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&
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Fig. 3 Optimized structures and HOMO-LUMO levels of (EDOT)3,

3,4-dihydro-2H-thieno[3,4-b][ 1,4]oxazine (D[2H]TO)3, and (MDTO)3.

FT-IR spectroscopy is carried out over a range of 400-4000cm™ to further interpret
the polymerization mechanism and the chemical structure of PMDTO, FT-IR spectra
of MDTO and PMDTO were recorded, as shown in Fig. S2. FT-IR spectrum of
PMDTO shows the following absorption peaks: 2962-2875 cm™ (aliphatic C-H
stretching), 1524, 1488 cm” (aromatic C=C stretching), 1327 cm” (C—C stretching),

1276, 1162, 1130 cm™ (C-O-C stretching), 677 cm™ (C-S stretching). It is clear that



New Journal of Chemistry

the strong bands ascribed to the =C-H stretching vibration at 3109 cm™ and the
absorption band at 774 cm’ arising from C-H, stretching of the thiophene moiety of
MDTO monomer (a) disappeared completely. This is an evidence of the
polymerization from 2, 5 positions of the thiophene moiety of the monomer. The
broad band observed at around 1639 cm™ was due to polyconjugation.”® The strong
absorption peak at 1087 cm” was attributed to the incorporation BE," into the
polymer films during the doping process.54 The FT-IR results of PMDTO clearly
indicated the successful electropolymerization of the monomers.

Thermal properties of PMDTO were determined by thermogravimetric analysis
(TGA) under nitrogen atmosphere at a heating rate of 10 K min”. An initial weight
loss of about 5% was closely related to evaporation of bound water present in the
polymer matrix. As shown in Fig. S3, as-prepared PMDTO polymer has good thermal
stability with onset decomposition temperature at 511 K, and a maximal
decomposition temperature appeared at 600 K. There was a three-step loss of weight.
The first one is slight from 300 to 511 K (about 5%), resulting from evaporation of
water or other moisture trapped in PMDTO. ' The second one occurred from 511 to
677 K, up to 27.28%, which may be due to the degradation of the skeletal backbone
chain structure. The last one was about 17.14% from 677 to 1081 K, probably owing
to the overflow of some oligomers decomposing from PMDTO with the increase of

the temperature.

No well-defined plateau even under high temperature is a common phenomenon for

conducting polymers, such as poly(1,2-methylenedioxybenzene) (PMDOB),
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poly(indole-5-carboxylic acid) (PICA), 36 polyselenophene,”’ and
poly(9,10-dihydrophenanthrene) (PDHP), ¥ etc. Such phenomena indicated that the
polymers could be further decomposed to some extent under higher temperature.
Obviously, the thermal stability of PMDTO is adequate for its applications in

supercapacitors and other optoelectronic devices such as electrochromic device.

To explore the performance PMDTO in supercapacitors, cyclic voltammetry
measurements were performed in a three-electrode configuration with a Pt wire as
counter electrode and an Ag/AgCl electrode as reference electrode in CH3CN solution
containing 0.1 mol L' BuNBF,. The cyclic voltammograms (CVs) of PMDTO
among -0.3-1.0 V vs Ag/AgCl (PEDOT: -0.9-1.2 V vs Ag/AgCl) at sweep rates of
25-200 mV s are shown in Fig.4. The CVs of PMDTO (Fig. 4B) show two pairs of
redox peaks, indicating that the capacitance of PMDTO mainly results from
pseudocapacitance mechanism rather than that of double-layer capacitance (also for
PEDOT). PMDTO polymer exhibits a considerably higher oxidation potential (0.7 V
higher than PEDOT, Fig. 4B) when compared with PEDOT, possibly attributed to a
large torsion angle between the repeated units in the electroneutral polymer chain and
considerably weaker chain ordering through sulphur-nitrogen interactions in contrast
to sulphur-oxygen ones in PEDOT. %% 1t can be seen that the current intensity of both
PMDTO and PEDOT increases as the scan rate increases, and the potentials of the
oxidation and reduction peaks shift to more positive and negative directions. These
are attributed to an increase in the charge diffusion polarization within the

pseudoactive material when the scan rate increases. The peak currents are plotted as a



New Journal of Chemistry

function of sweep rate (v) and v"2, respectively (Fig. 4C and Fig. 4D). As can be seen
that the peak currents versus v plots exhibit a linear relationship, which indicated that
the electrochemical behavior of PMDTO electrode was an adsorption controlled

process rather than diffusion controlled.
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Fig. 4 Cyclic voltammograms of PMDTO (A) and PEDOT (B) modified electrodes in
0.1 mol L monomer-free CH;CN-BusNBF;, at potential scan rates of 200, 150, 100,
50, and 25 mV s™'; (C) redox peak current of PMDTO electrode as a function of scan
rate; (D) redox peak current of PMDTO electrode as a function of (scan rate)"?; (E)

b

specific capacitance of PMDTO and PEDOT as a function of scan rate
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The specific capacitance was calculated from CV curves according to the following

. 61
equation :

_qa +qc 1
Y 2mvAV M

Where C (F g'l), qa s v (V s1), m (g), and AV (V) are the specific capacitance, the
sums of anodic and cathodic voltammetric charges on the anodic and cathodic scans,
the scan rate, the mass of the active material, and the potential range of CV,
respectively. On the basis of the equation, the specific capacitance of PMDTO and
PEDOT at the scan rates of 25, 50, 100, 150, and 200 mV s ' were calculated. It can
be observed that the specific capacitance of PMDTO electrode is 171.5 F g at the
scan rate of 25 mV s, which is higher than 130.2 F g of PEDOT electrode at the
same scan rate. Fig. 3E shows the dependences of specific capacitance of PMDTO
and PEDOT on their scan rates. The PMDTO electrode shows about 13.7% decay
(20.6% for PEDOT) as the scan rate increases from 25 mV s to 200 mV s™. And the
specific capacitance of PMDTO can still retain 161.9 F g™ at the scan rate of 200 mV
s, also higher than PEDOT (125.2 F g"). Therefore, the above results indicate that
PMDTO electrodes have a higher specific capacitance than PEDOT at various scan
rates, and could be considered to be promising electrode materials for supercapacitors.
From these results, we can also conclude that the specific capacitance of the PMDTO
electrode is competitive when compared with many other traditional conducting
polymers, such as such as polythiophene (PTh) (117 F g™), % polypyrrole (PPy) (186
F g, ® polyaniline (PANI) (216 F g), * and polyselenophene (PSe) (72.2 F g™). ©

To learn more about the charge storage capacity of the electrodes, galvanostatic
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charge-discharge (GCD) measurements was carried out as shown in Fig. S5. The
specific capacitance of PMDTO electrode was performed using a potential window of
-0.3-1.0 V and compared with PEDOT electrode (Fig. S5A). A non-linear variation of
potential versus time (Fig.S5A) illustrates a typical pseudocapacitance performance
resulting from the electrochemical redox reaction occurred at the PMDTO
electrode/electrolyte interface, which is well in agreement with the analysis about the
CV curves. In addition, galvanostatic charge-discharge curves of PMDTO exhibits a
pair of voltage plateaus at around 0.03 and -0.12 V, which is consistent with the above
CV analysis. The charge plateau region and discharge plateau region of PMDTO is
owing to the oxidation reactions (doping) and reduction reactions (de-doping) of
PMDTO. *

dedoping
p-doping

Scheme 2 The doping and de-doping process of PMDTO.

Rate capability is one of the important factors for evaluating the power applications
of supercapacitors. The specific capacitance obtained from galvanostatic

charge/discharge method was calculated according to the following equation: ¢

IAt
C=—" 2
mAV @

Where AV (V) represents the discharge potential range, / (A) is the constant charge or

discharge current density, m (g) is the mass of the active material, and A¢ (s) is the

corresponding discharge time. Based on the above formula, the specific capacitance of

Page 20 of 39
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PMDTO is 154.3 F g at a current density of 3 A g”', which is higher than the value of
134.6 F g'1 for PEDOT investigated under the same conditions. The higher
capacitance of PMDTO was mainly attributed to the decrease of oxidation onset
potential of MDTO (the low potential would provide considerably milder
polymerization condition and be in favor of yielding a high quality polymer) and
sponge-like structure morphology (an ideal surface morphology for pseudocapacitor
applications), which was different from the compact and smooth surface morphology
of PEDOT . According to the charge-discharge curves at various current densities,
the specific capacitance is calculated and plotted in Fig.S5C, and the reduction of
specific capacitance at large current density can be obviously observed. Even so,
when the current density increases to 35 A g, the specific capacitance of PMDTO
remains to be 124.4 F g'1 (about 19.5% decrease from that at 3 A g'l), further
confirming its good rate capability. However, as expected, the rates capability of

PEDOT is better than PMDTO (about 8.0% decreases from 3 A g to 35A g™).
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Fig. 5 Impedance spectra of PMDTO and PEDOT modified electrodes in

CH;3;CN-BusNBF4: (A) Nyquist plots; (B) Bode-phase angle plots. Electrode potential:
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Electrochemical impedance spectroscopy (EIS) was also conducted to investigate
the electrochemical property of the PMDTO and PEDOT electrodes. EIS is a
powerful tool for mechanistic analysis of an interfacial process and the evaluation of
rate constant, ionic and electronic conductivity, and double-layer capacitance, etc. All
the plots display a semicircle in the high frequency region and a straight line in the
low-frequency region (Fig.5A). The intercept at the real axis of the plot corresponds
to the solution resistance (R;), and their values are very similar (52.52 Q for PMDTO,
52.43 Q for PEDOT). The slope of a straight line in the low frequency region reflects
the diffusive resistance resulting from the diffusion of active species in the electrolyte.
As shown in Fig.5A, the PMDTO electrode shows almost a vertical line in the low
frequency region, indicating small diffusive resistance of the electroactive species in
the electrolyte. The size of the semicircle was determined by the charge transfer
resistance (R.) at the interface between the electrode material and the electrolyte.
Here, the value of R, for PMDTO is 4.93 Q, close to that of PEDOT (4.8 Q),
indicating that the conductivity of PMDTO is competitive to PEDOT. In the phase
angle plot (Fig. 5B), the approaching to pure capacitive behavior at low frequency is
usually identified with phase angle approaching to -90°. The phase angle of PMDTO
electrode reached -86.2° at 0.01 Hz, very close to that of PEDOT electrode (-87.3°).
All these results show the good electrochemical capacitive properties of the PMDTO

electrode and its potential applications in supercapacitors.
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Fig. 6 Galvanostatic charge-discharge life of the electrodes in CH;CN-BuyNBF, at the

constant current density of 10 A g_l.

A long cycle-life is an important factor for practical supercapacitor applications.
However, one significant drawback of organic electrode materials is their insufficient
electrochemical stability. Here, the cycling performance of PMDTO and PEDOT
electrodes were evaluated by 500 charge-discharge cycles between -0.3 and 1.0 V at
the current density of 10 A g"'. Fig.6 depicts the specific capacitance of PMDTO and
PEDOT electrodes against cycle number. The value of capacitance dropped ~29%
from 137.3 to 97.0 F g after 500 cycles, worse than the cycling stability of PEDOT
electrode (82.2% retention after 500 cycles). After 1000 cycles, the retention of
PMDTO was only 12.3%. The fast decrease in the specific capacitance of PEDOT
electrode possibly results from the broad working potential window of the electrode
(The electrochemical activity of each ECP is strictly determined by its working
potential range limited by an isolating state and/or polymer degradation caused by

overoxidation) . The working potential range of PMDTO is also limited, when the
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potential was over 1.2 V, the electrochemical activity of PMDTO was lost quickly). In
general, the stability of conducting polymers could be a serious problem because of
typical shrinkage, breaking, cracks, and overoxidation appearing in subsequent cycles,
that is connected with volumetric changes of the polymer during intercalation of
counter ions. '

To wverify the feasibility of as-prepared electrodes for supercapacitors, the
asymmetric PMDTO/PEDOT device (the measurements of symmetrical PMDTO
device could not be completed (Fig.S7)) and symmetrical PEDOT device were
presented in Fig. 7. The symmetrical device based on PMDTO is unsuccessful is
possibly that the p-doped PMDTO is only suitable as positive materials for
supercapacitors. For the symmetrical capacitor based on PMDTO, when it is charged,
the positive material PMDTO is partial doped due to the negative material PMDTO
simultaneously becomes partial even fully dedoped, which results in the poor
performance of the device. So when the voltage is controlled between 0 V and 1.0 V,
the poor performance of the device is more serious. However, PEDOT is a good
p/n-doped conducting polymer, which is suitable as positive and negative materials
for supercapacitors. Fig.7A shows the CVs of the asymmetric PMDTO/PEDOT
device at various scan rates. The oxidation peaks and reduction peaks on the CVs can
be observed and the peak current becomes larger with the scan rate increasing from 25
to 200 mV s”. On the contrary, the CVs of PEDOT device has a nearly rectangular
shape over the potential window and without obvious anode and cathode peaks

(Fig.7B). For both the supercapacitors, there is no obvious distortion even at a high
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scan rate of 200 mV s, indicating the good fast charge-discharge properties of the
devices. " In order to further evaluate the performance of the device, we also
performed the galvanostatic charge-discharge test at various current densities. Fig.7C
and Fig.7D shows the galvanostatic charge-discharge curves of the PMDTO/PEDOT
device and PEDOT device at different current densities, respectively. Both their
discharge curves tend towards triangular-shaped shapes, and are nearly symmetric
with the corresponding charge counterparts, suggesting good electrochemical
reversibility. ' The discharge curve of PMDTO/PEDOT device is substantially
prolonged over PEDOT device, suggesting the better capacitive behavior of
PMDTO/PEDOT device. Fig.7E displays the specific capacitance at different current
densities calculated from discharge curves according to equation (2). Here, the
specific capacitance is calculated using the total mass of active materials on both two
electrodes. Similar to the results in the three-electrode test, the PMDTO/PEDOT
device (63.5 F g’ at 1 A g') exhibits significantly enhanced supercapacitive
performance comparing with that of PEDOT device (45.1 F g at 1 A g"). The
specific capacitance decreases as the current increases, for the same reason as the
electro-performance in the three-electrode system. This is due to the fact that high
current makes more active material insufficient in the redox reaction as the scan rate
increases.*These values are lower than those reported for chemically modified
graphene supercapacitors (~99 F g') ™ and those supercapacitors fabricated by
nanocomposites of PEDOT and inorganic materials (e.g., MoQOs3, carbon nanotubes,

MnO,, and NiFe,04), whose specific capacitance ranged from 198 to 375 F g'l. skl
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For practical application of the supercapacitors, power density (P) and energy
density (E) are the most important parameters to evaluate their electrochemical
performance. The P and E of the supercapacitor device were evaluated by the
galvanostatic charge/discharge curves and plotted on the Ragone diagram, as shown

in Fig. 6F. The values were calculated by the following relationship (3) & (4):

1
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Fig.7 Cyclic voltammograms of a asymmetric supercapacitor based on one PMDTO
electrode and one PEDOT electrode (PMDTO/PEDOT) (A) and a symmetric
supercapacitor based on two PEDOT electrodes (B); Galvanostatic charge/discharge
curves of PMDTO/PEDOT device (C) and PEDOT device (D); (E) specific
capacitance calculated from discharge curves of the supercapacitor device; (F) ragone
plots of the supercapacitor device.

Where C is the specific capacitance of the electrode, AV is the potential window (V),
E is the specific energy (Wh kg™), P is the specific power (kW kg™), and At is the
discharge time (s). As anticipated, the specific energy decreases, while the specific
power increases as the current increased from 1 to 10 A g'. As the GV
charge/discharge current increases from 1 to 10 A g, the specific energy of the
PMDTO/PEDOT asymmetric device decreases from 12.7 to 11.5 Wh kg'l, while the
specific power increases from 0.59 to 5.99 kW kg'. For comparison, PEDOT device
has smaller specific energy (from 9.0 to 8.1 Wh kg") with corresponding specific
power from 0.59 to 5.99 kW kg'. From these results, we can know that the
PMDTO/PEDOT asymmetric device and PEDOT symmetrical device is superior to that

of many commercial supercapacitors (typically 5-10 Wh kg'l).79

4. Discussion
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Scheme 3. Diagrammatic representation of S-N and S-O Intramolecular Interactions
in PMDTO Backbone

Overal, a new nitrogen analog EDOT-MDTO possesses a more
atom-economically synthesis route by one-step procedure than other analogues that
require two or more than two procedures, such as EDOT, EDTT, and EOTT, efc. The
Epa, onset of MDTO is +0.57 V vs Ag/AgCl, which is lower than that of its analogues.
The cooperation of the strong electron-donating properties of the nitrogen atom and
the methyl groups, the conjugation of the p-n* and m-m* transitions, or the more
facilely formation of ammonium cationic radicals might provide explanation for the
very low oxidation potential of MDTO.

The surface morphology of PMDTO films (sponge-like structure morphology)
was very different from the morphology of PEDOT. The UV-vis results show that
PMDTO has hypsochromic shift (maximum absorption) in the de-doped state than
PEDOT. The reasons accounting for this phenomenon are as follows: S---N steric
repulsion among adjacent MDTO monomer units leads to the distortion of the
n-conjugated backbone, and this disparity is owed more to the conformation of the
polymers than the inductive and resonance effects of the chalcogen substituent. This
results in the shortening of the effective conjugation length and probably poor solid
state ordering.*® The expected S---N interactions in segments of all-anti conformers
are shown in Scheme 3. To sum up, the partial replacement of oxygen by nitrogen
atom results in a hypsochromic shift Amax arising from the decreased rigidity of the

conjugated structure compared to PEDOT.
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We have carefully studied the capacitance performance of PMDTO and PEDOT
by means of CV, GCD, and EIS techniques under ambient conditions. PMDTO has
shown a higher oxidation potential (0.7 V higher than PEDOT), probably owing to the
insertion of nitrogen atoms in the PMDTO chain, which greatly affects the inter-ring
conjugation. In addition, the stronger electron-withdrawing effect from the oxygen
atoms in PEDOT will promote to decrease the reduction potential. As a supercapacitor
electrode, the specific capacitance of PMDTO electrode is higher than PEDOT
electrode at various scan rate and specific current. However, PMDTO electrode shows
a much smaller potential window and poorer stability compared with that of PEDOT
electrode. As the energy density is proportional to the specific capacitance and the
square of the operating voltage range, although the specific capacitance of PMDTO is
superior to that of PEDOT, PMDTO is not competitive in comparison with PEDOT,
combined with its poor stability. And the advantages of PEDOT were further
confirmed by the electrochemical results of the symmetrical supercapacitor devices.
The tests of PMDTO symmetrical device in the voltage of 0-1.0 V could not be
completed, but the CVs of PEDOT symmetrical device is normal during the
experiments. In order to overcome the obstacle, we constructed asymmetric
PMDTO/PEDOT device, which shown satisfying capacitance performances.

Above all, we can concluded that as a new analogue of PEDOT, PMDTO has
some advantages for supercapacitor, such as low oxidation potential of the monomer
and relatively higher specific capacitance values, but it also suffered from the

problems of decreased rigidity, poor stability, and smaller potential window. In the
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future, the composites of PMDTO with other electrode materials such as carbon, 2or
metal oxides, or new electrolyte system ! are likely to be a promising way to offset

the defects of PMDTO.

5. Conclusions

In this work, a new nitrogen poly(3,4-ethylendioxythiophene) analogue,
poly(N-methyl-3,4-dihydrothieno[3,4-b][ 1,4]oxazine) =~ modified electrode in
supercapacitors was developed via an electrochemical deposition strategy, and the
capacitive performance was compared with that of poly(3,4-ethylendioxythiophene).
The experimental results show that
poly(N-methyl-3,4-dihydrothieno[3,4-b][1,4]oxazine) has some advantages for
supercapacitor (low oxidation potential of the monomer, relatively higher specific
capacitance values) and still suffered from the drawbacks of decreased rigidity, poor
stability, and smaller potential window.

The scanning electron microscope of the fabricated
poly(N-methyl-3,4-dihydrothieno[3,4-b][1,4]oxazine)  electrodes  displayed a
sponge-like  morphology structure, which was characteristic for ideal
pseudocapacitive applications. For
poly(N-methyl-3,4-dihydrothieno[3,4-b][ 1,4]oxazine) electrode, a specific
capacitance of as high as 154.3 F g_1 was obtained at a current density of 3 A g_1 in
acetonitrile-tetrabutyl-ammonium tetrafloroborate, while it was 134.6 Fg' for
poly(3,4-ethylendioxythiophene)  electrode  under the same  conditions.

Flectrochemical results also demonstrated that
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poly(N-methyl-3,4-dihydrothieno[3,4-b][1,4]oxazine)  exhibited stability = with
maximal capacitance retention of nearly 71% after 500 cycles at a current density of
10 A g''. However, the measurements of the symmetric supercapacitor based on two
poly(N-methyl-3,4-dihydrothieno[3,4-b][ 1,4]oxazine) electrodes is failure. The
asymmetrical supercapacitor based on
poly(N-methyl-3,4-dihydrothieno[3,4-b][ 1,4]oxazine) electrode and
poly(3,4-ethylendioxythiophene) electrode exhibited better capacitance performance
when  compared with the poly(3,4-ethylendioxythiophene) symmetrical
supercapacitor.

Further efforts are needed SO that
poly(N-methyl-3,4-dihydrothieno[3,4-b][ 1,4 ]oxazine) can be used in the field of super
capacitors. The composites of poly(N-methyl-3,4-dihydrothieno[3,4-b][1,4]oxazine)
with other electrode materials (carbon, metal oxides, and new electrolyte system ) are
likely to be a promising way to overcome the drawbacks of

poly(N-methyl-3,4-dihydrothieno[3,4-b][ 1,4]oxazine).
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A new nitrogen PEDOT analogue—poly(N-methyl-3,4-dihydrothieno|[3,4-b][ 1,4]-
oxazine) (PMDTO) has some advantages for supercapacitor (low oxidation potential
of the monomer, sponge-like morphology structure, and relatively higher specific
capacitance values), but still suffered from the drawbacks of decreased rigidity, poor

stability, and smaller potential window.



