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Green interfacial synthesis of two-dimensional
poly(2,5-dimethoxyaniline) nanosheets as a
promising electrode for high performance
electrochemical capacitors†

Changzhou Yuan,*ac Longhai Zhang,a Linrui Hou,a Jingdong Lin*b and Gang Panga
2D poly(2,5-dimethoxyaniline) nanosheets were first designed and

tailored as intriguing pseudo-capacitive electrode for advanced

supercapacitors via green interfacial synthetic strategy, and yielded

large specific capacitance (SC) and remarkable SC retention at high

rates in 1 M HCl electrolyte.
Recently, electrochemical capacitors (ECs) are gaining
increasing research interest worldwide because of their attrac-
tive ability to deliver larger power density and longer cycling life
than common rechargeable batteries and energy density higher
by several orders of magnitude than conventional dielectric
capacitors.1 Among the typical electroactive materials for ECs,
organic conducting polymers (CPs),2–4 particularly polyaniline
(PANI),2,4 has captured extensive attention for potential ECs
application due to its low cost, ease of synthesis, reversible
control of electrical properties by charge transfer doping–
dedoping and protonation, and intriguing pseudo-capacitive
nature. To further enhance the processability of the PANI for
commercial application, numerous efforts have been directed
to PANI derivates.5 However, the substitution of groups in
phenyl ring or N-position of PANI units commonly results in the
decrease of electronic conductivity,6 which does not favor the
efficient energy storage, particularly at high rates. Fortunately,
di-substituted poly(2,5-dimethoxyaniline) (PDMA) withmethoxy
(–OCH3) groups substituted at ortho- and meta- positions has
shown high electrical conductivity similar to that of the
PANI.5,7–10 Nevertheless, little has been reported about the
PDMA for ECs so far. Furthermore, the PDMA samples were
generally fabricated via chemical oxidative polymerization by
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using a variety of strong oxidants, e.g., S2O8
2�,7 Fe3+,9 a

S2O8
2�/Fe3+ binary oxidant.5 Consequently, it is of great signif-

icance but still is a great challenge to explore facile yet efficient
strategies using greener and milder oxidants for the ne fabri-
cation of high performance nano-structured PDMA for
advanced ECs.

Since the development of interfacial polymerization method
by Huang for the controllable synthesis of classical PANI nano-
bers,11 elegant interfacial fabrication has been well extended to
prepare various CPs and even CP-based composites by the
unique liquid–liquid interface of two immiscible liquids con-
sisting of polar and nonpolar solvents.2,8,12 The inhomogeneous
and nanometer-scale interfacial region was endowed with
unusual molecular aggregation and orientation, referenced to
the bulk solution,2,8,11–13 favoring the ne construction of nano-
structured materials. Unfortunately, some toxic organics (e.g.,
toluene, chloroform, CCl4, etc.) were usually applied to build a
heterogeneous interface.2,11,13 Therefore, other environmentally-
benign and green non-aqueous solvents were urgently required
for the efficient interfacial synthesis system.

Based on the above consideration, in this communication,
we rst developed an efficient water/ionic liquid (IL) green
Fig. 1 Schematic illustration for the green interfacial synthesis (a) and
polymerization process (b), XRD pattern (c), and FT-IR spectrum (d) of
the resulting 2D PDMA NS product.
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interfacial polymerization strategy (Fig. 1a and b) by using H2O2

as an appealing mild oxidant without any extra catalysts.10 And
the hydrophilic IL of 1-ethyl-3-methyl imidazolium tetra-
uoroborate ([EMIM]BF4) was applied to build a prosperous
interfacial platform for preparing novel two-dimensional (2D)
PDMA nanosheets (NSs) with desirable electronic conductivity
and large specic surface area (SSA). The as-obtained PDMANSs
were further utilized as intriguing electroactive materials for
ECs. Strikingly, the as-fabricated 2D PDMA NSs delivered large
specic capacitance (SC) and long-term electrochemical
stability at large current densities in 1 M HCl aqueous
electrolyte.

The experimental details are systematically presented in ESI
(ESI†). Herein, an efficient green synthetic system, where the
unique H2O/[EMIM]BF4 interface avoids the use of other
poisonous organic solvents, and a much greener H2O2 was used
as an mild oxidant, was developed for the chemical oxidation
polymerization of the PDMA, signicantly facilitating its large-
scale synthesis. Fig. 1c shows the typical powder X-ray diffrac-
tion (XRD) pattern of the as-prepared dark green PDMA
product. Five diffraction peaks are evident at 2q ¼ 11.5�, 17�,
24�, 27� and 33�, and can be ascribed to the (001), (011), (100),
(110) and (111) planes of the PDMA, respectively.9 In particular,
the former three peaks are due to the presence of dopant anion
Cl� in the PDMA chains.9 The peak centred at �27� represents
the characteristic distance between the ring planes of benzene
rings in adjacent chains or the close contact inter-chain
distance, while the another peak at �33� may be attributed to
periodicity, which is perpendicular to the polymer chain.7 The
Fourier transform infrared (FT-IR) spectrum of the resultant
PDMA is demonstrated in Fig. 1d. In particular, the peak at
1462 cm�1 is originated from asymmetrical bending vibration
of –OCH3 groups, and the bands at 1201 and 1025 cm�1

correspond to asymmetric and symmetric stretches of the ]C–
O–C, respectively. The three bands observed here clearly verify
the existence of methoxy groups in the nal PDMA NSs.8 When
other oxidants, such as, FeCl3 or (NH4)2S2O8 (APS), are further
used for the interfacial polymerization both PDMA products are
obtained, as evident in the FT-IR spectra (Fig. S1, ESI†), and are
denoted as PDMA–FeCl3 and PDMA–APS, respectively.

Fig. 2a–d show the representative eld-emission scanning
electron microscopy (FESEM) images of the resultant PDMA NS
Fig. 2 FESEM (a–d) images of the as-obtained PDMA NSs.

24774 | RSC Adv., 2014, 4, 24773–24776
product. Clearly, a large scale of 2D NSs with rippled silk
morphology, similar to graphene structure, is demonstrated,
indicating the ultrathin nature of the PDMA NSs. It is due to the
much larger lateral size than the longitudinal size that the
morphology of bending, curling and crumpling is clearly pre-
sented. The thickness of the 2D NSs is estimated to be �20 nm,
as shown in Fig. 2d. A large SSA is calculated to be �175 m2 g�1

based on the N2 adsorption-desorption measurement (Fig. S2,
ESI†) for the as-obtained PDMA NS sample accordingly, owing
to the unique 2D ultrathin feature. As a sharp contrast, some
nanoscale granular aggregations are shown for PDMA synthe-
sized via ordinary homogeneous synthesis (Fig. S3, ESI†).
Particularly, much thicker NSs with a thickness of �50 nm are
observed (Fig. S4, ESI†) when NaCl is absent from the synthetic
process. The abnormal phenomenon should be ascribed to the
peculiar water/IL interface due to the lower ionic strength of
water phase in this case. More interestingly, distinct irregular
aggregation morphologies are further presented for the PDMA–
FeCl3 and PDMA–APS samples (Fig. S5, ESI†). Consequently, it
is easy to conclude that the synergetic effect of the unique non-
equilibrium water/IL interface and the appealing oxidant H2O2

plays an important role in the controllable synthesis of 2D
PDMA NSs. The inherent formation mechanism of such unique
2D PDMA still requires further study, which is currently
undergoing.

To evaluate the electrochemical capacitive performance of
the resultant PDMA NSs, cyclic voltammetry (CV) and chro-
nopotentiometry (CP) were subsequently carried out in 1 M HCl
aqueous electrolyte at room temperature (RT). Fig. 3a shows the
typical I–E response of the 2D PDMA NS electrode at a CV sweep
rate of 2 mV s�1. A pair of redox peaks within �0.2 to 0.3 V
Fig. 3 CV curves (a and b), I vs. v1/2 (c), CP plots (d), SC as a function of
current density (e), and cycling performance (f) of the as-synthesized
2D PDMA NSs.

This journal is © The Royal Society of Chemistry 2014
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(vs. SCE) are obviously visible, and reveal that the typical
pseudo-capacitive nature is mainly governed by inherent Fara-
daic redox reactions occurring on and/or near the surface of the
2D NSs. Impressively, the electrochemical response currents
subsequently increase while the CV shape almost remains the
same with the increase of the scan rates, as demonstrated in the
multi-scan rate voltammograms (Fig. 3b), suggesting good
electrochemical capacitance of the unique PDMA NS electrode
over the entire range of scan rates from 2 to 50 mV s�1. Fig. 3c
depicts the oxidation peak current of the as-prepared PDMANSs
as a function of the square root of scan rate (v1/2). The linear
relationship of I vs. v1/2 shows a unique diffusion-control
process.14 The appealing conductivity (�0.07 S cm�1) of the
PDMA NSs may facilitate the rapid electron transfer rate, and
thus the NS electrode process is a diffusion controlled process
rather than a kinetic controlled one.14 In addition, galvanostatic
CP test was then performed to estimate the SC of the PDMA NSs
at a series of current densities ranged from 0.5 to 5 A g�1 in a
potential window of �0.2 to 0.6 V (vs. SCE). The nonlinear CP
plots with symmetric shape demonstrate striking pseudo-
capacitive characteristics, as displayed in the CP curves of
Fig. 3d. It is worth noting that the high coulombic efficiency of
>99% is delivered over all the current densities ranging from
0.5 to 5 A g�1, as seen in Fig. 3d, revealing the desirable elec-
trochemical reversibility of the PDMA NS electrode. The charge–
discharge measurement is carried out in three consecutive
cycles for each current density, and the SC is nally calculated
as a mean value of the former three cycles. Fig. 3e presents the
SCs corresponding to different current densities in 1 M HCl
aqueous solution. The SC of PDMA NSs is calculated as �330 F
g�1, that is, an area specic SC of�1.9 F m2 considering its SSA,
at a current density of 0.5 A g�1, higher than that of the nano-
scale PDMA electrode,9 and even comparable to other CPs,2,3,15

and 2D metal oxides,16 sulphides17 and selenides NSs.18

Although the SC decrease of the PDMA NSs is observed with the
increase of current density, a SC of �286 F g�1 (i.e., �1.6 F m2)
can still be achieved even at a high current density of 5 A g�1,
which remains approximately 87% of the highest SC value at
0.5 A g�1. This further conrms the excellent high-rate perfor-
mance of the PDMA NS electrode, which is of signicant
importance to its practical applications. Particularly, the SCs
delivered by the PDMA NS electrode are also much larger than
those for PDMA–FeCl3 (�221 F g�1 at 0.5 A g�1) and PDMA–APS
(�195 F g�1 at 0.5 A g�1) samples (Fig. S6, ESI†), which should
be ascribed to smaller SSA for the PDMA–FeCl3 (�101 m2 g�1)
and PDMA–APS (�87 m2 g�1) products. In addition to this,
another important factor is that the modest electronic
conductivities of the other two must also not be ignored. The
conductivities of the PDMA–FeCl3 and PDMA–APS products can
be estimated as �2 � 10�3 and �6 � 10�3 S cm�1 via the
standard four-probe DC technique on pressed pellets from
powder, respectively, which can be further supported by the
different intersections of the electrochemical impedance spec-
troscopy (EIS) plots at the X-axis for the three PDMA electrodes
(Fig. S7, ESI†). Finally, the PDMA NS electrode demonstrates
even smaller charge-transfer resistance of �0.4 ohm than the
PDMA–FeCl3 (�0.9 ohm) and PDMA–APS (�1.3 ohm)
This journal is © The Royal Society of Chemistry 2014
electrodes, estimated from the semicircle diameter observed at
the high-medium frequency region (Fig. S7, ESI†), which should
also be responsible for the large SCs of the unique 2D PDMA NS
electrode, particularly at high rates.

The long-term cycling stability is additionally a critical
requirement for practical application of ECs. Fig. 3f depicts the
SC variation as a function of the cycle number at current
densities of 0.5 and 5 A g�1 for up to 1000 cycles. It can be
observed that the SCs of the PDMA NS electrode gradually
reduce, whereas the SC degradations of �13% and �22% are
observed at 0.5 and 5 A g�1, respectively, continuously over 1000
cycles, indicating its stable long-term cycling performance even
at large current density. In contrast, the SC retentions of the two
PDMA–FeCl3 and PDMA–APS electrodes (Fig. S8, ESI†) are
found as �18% and �23%, respectively, aer 1000 continuous
cycles at a current density of 0.5 A g�1. The abovementioned
electrochemical data mentioned strongly highlights the
remarkable merits of the PDMA NSs as an advanced electrode to
meet the requirements of both long cycling lifetime and large
SCs at high rates, which should be attributed to the better
electronic conductivity and smaller charge-transfer resistance
of the 2D PDMA NSs with rich electroactive sites.

Furthermore, a quasi-supercapacitor is fabricated by two
PDMA NS electrodes face to face in 1 M HCl aqueous solution.
The electrochemical performance of the PDMA NS-based
symmetric supercapacitor is estimated and the typical data was
collected (Fig. S9, ESI†). As seen from these typical CV curves
(Fig. S9a, ESI†), the current subsequently increases as the scan
rate increases, while the CV shape slightly changes, and rapid
current response on voltage reversal occurs at each end poten-
tial, suggesting its appealing electrochemical capacitance. In
addition, based on the CP plots (Fig. S9b, ESI†), the SCs of the
symmetric capacitor can be calculated as 78, 75 and 73 F g�1 at
the current densities of 0.2, 0.5 and 1.0 A g�1, respectively. The
specic energy density (E) and power density (P) of the PDMA
NS-based symmetric capacitor are impressively calculated
as �3.7 W kg�1 and �304.1 W kg�1 at a current density of
1.0 A g�1.

In summary, we have successfully developed an attractive
green interfacial strategy to synthesize 2D PDMA NSs, and
further applied it as a high performance pseudo-capacitive
electrode for ECs. Beneting from the intriguing 2D NS feature,
high electronic conductivity and modest charge-transfer resis-
tance, the as-fabricated PDMA NS electrode delivered large SCs,
and stabilized cycling performance coupled with a high
coulombic efficiency in 1 M HCl aqueous solution. More
signicantly, an efficient green avenue is now open for the
future development of other low-cost electroactive materials for
next-generation ECs.
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