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Self-polymerized dopamine as an organic cathode
for Li- and Na-ion batteriest

Tianyuan Liu,3® Ki Chul Kim,%° Byeongyong Lee,® Zhongming Chen,® Suguru Noda,®
Seung Soon Jang*® and Seung Woo Lee*?

Self-polymerized dopamine is a versatile coating material that has various oxygen and nitrogen functional
groups. Here, we demonstrate the redox-active properties of self-polymerized dopamine on the surface
of few-walled carbon nanotubes (FWNTs), which can be used as organic cathode materials for both
Li- and Na-ion batteries. We reveal the multiple redox reactions between self-polymerized dopamine and
electrolyte ions in the high voltage region from 2.5 to 4.1 V vs. Li using both density functional theory
(DFT) calculations and electrochemical measurements. Free-standing and flexible hybrid electrodes are
assembled using a vacuum filtration method, which have a 3D porous network structure consisting of
polydopamine coated FWNTs. The hybrid electrodes exhibit gravimetric capacities of ~133 mA h g™t in
Li-cells and ~109 mA h g*1 in Na-cells utilizing double layer capacitance from FWNTs and multiple
redox-reactions from polydopamine. The polydopamine itself within the hybrid film can store high
gravimetric capacities of ~235 mA h g™t in Li-cells and ~213 mA h g™t in Na-cells. In addition, the hybrid
electrodes show a high rate-performance and excellent cycling stability, suggesting that self-polymerized
dopamine is a promising cathode material for organic rechargeable batteries.

Large-scale electrical energy storage applications demand the development of cost-effective electrode materials. Organic electrode materials have attracted
considerable attention owing to their low cost, high theoretical capacity, and chemical diversities. However, the development of organic electrodes has been
hindered by their high solubility in nonaqueous electrolytes and their poor electrical conductivity. Here, we study the electrochemical properties of self-
polymerized dopamine using both DFT computation and experimental methods, proposing polydopamine as a promising organic cathode material for

rechargeable Li- and Na-ion batteries.

Introduction

Organic electrode materials have been intensively investigated to
replace conventional transitional metal based inorganic cathodes
for rechargeable batteries."” This is because of their potential
advantages, including high theoretical capacity, environmental
friendliness, and use of low cost and earth-abundant resources,
which are ideal for large-scale electrical energy storage applica-
tions, such as grid load-leveling, renewable energy storage, and
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electric vehicles.”® The past few decades have witnessed the
development of various organic electrode materials, such as
conductive polymers,* organosulfur compounds,®’” organic free-
radical compounds,®® and organic carbonyl compounds.'®™®
Despite their high theoretical capacities, the development of
organic cathodes has been hindered by two factors, which
significantly limit their practical applications. First, most of
the organic molecules are highly soluble in organic electrolytes,
which results in low cycling stability. The second shortcoming is
their poor electrical conductivity limiting the rate-performance
of the electrodes.

A promising strategy to overcome these issues is to polymerize
redox-active molecules onto conductive carbon substrates."”°
In this nanocomposite structure, the linkage of molecules via a
covalent bond prevents the dissolution of molecules, while a
conductive carbon network supports fast redox reactions in the
polymer. Utilizing this strategy, Song et al. synthesized poly-
(anthraquinonyl sulfide) and polyimide on graphene flakes,
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demonstrating a significantly enhanced rate performance of the
composite electrodes as organic cathodes in Li-cells.'”” However,
most of the reported polymerization processes of carbonyl com-
pounds are complicated and usually introduce inactive linkers.>*”
In addition, the electrochemical performance of the composite
electrodes significantly depends on the morphology of the polymer
coatings on the substrate.'® This indicates that there is an
optimized interface structure between the polymer coating and
the conductive substrate, which can maximize the electrochemical
performance of the composite electrodes. Thus, identifying a
simple and versatile polymerization process that enables the
strong adhesion of redox-active carbonyl compounds on the
surface of conductive substrates is highly desirable.

With a similar molecular structure to adhesive proteins in
mussel, dopamine can be oxidized and self-polymerized into
polydopamine in alkaline aqueous solutions, generating adhesive
polymer coatings on various types of substrates.”®>* After a
series of cyclisation and oxidation reactions in an alkaline
environment, it is proposed that dopamine can be oxidized into
5,6-indolequinone before polymerization (Scheme S1, ESIt).>®
We noticed that 5,6-indolequinone has a similar molecular
structure to benzoquinone and naphthoquinone, which have
two redox-active quinone groups that can store Li- or Na-ions.**>®
Thus, if the polymerized form of 5,6-indolequinone or other
dopamine intermediates shows redox-active properties with
Li- or Na-ions, this polydopamine can be a promising carbonyl-
based cathode for rechargeable batteries (Scheme 1). However,
the redox properties of polydopamine with Li- or Na-ions remain
unclear. Here, we investigate the electrochemical properties of
polydopamine using both computational and experimental
methods. Density functional theory (DFT) calculations show
the multiple redox reactions of polydopamine with electrolyte
ions in the high voltage region of 2.5-4.1 V vs. Li, which is also
confirmed by cyclic voltammetry measurements. To maximize its
electrochemical performance, we fabricated flexible, free-standing
hybrid films via a spontaneous coating process of polydopamine
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Scheme 1 Molecular structures and the corresponding theoretical capa-
city of p-benzoquinone, 1,4-naphthoquinone, 9,10-anthraquinone and
5,6-indolequinone. The theoretical capacities are calculated based on
the redox reactions of carbonyl groups in the molecules.
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on few-walled carbon nanotubes (FWNTs) and a continuous vacuum-
filtration method. Hybrid electrodes consisting of polydopamine-
coated FWNTs exhibit enhanced rate-performance and excellent
cycling stability owing to the unique combination of the redox-
active polydopamine and superior electrical conductive FWNTS.

Results and discussion

In this study, the first principle DFT method was utilized with
PBE0”*?° and the standard 6-31+G(d,p) basis set®" using Jaguar.**
We investigated the redox-potentials of monomers, and the corres-
ponding oligomers such as dimers and trimers based on the two
most reported structural units in polydopamine,®*™*> namely,
5,6-indolequinone and 5,6-dihydroxyindole in Scheme S2
(ESIT). The calculated redox potentials are shown in Fig. 1a.
5,6-indolequinone with carbonyl groups showed a high redox
potential of 2.83 V vs. Li, while 5,6-dihydroxyindole including
hydroxyl groups showed a very low redox potential of —0.26 V vs.
Li (Table S1, ESIT). This indicates that only 5,6-indolequinone
with a high redox potential can be utilized as the cathode
material for rechargeable batteries. The high redox potential of
5,6-indolequinone is consistent with our previous findings of
redox-active carbonyl groups on reduced graphene oxides®® and
quinone derivatives.*® It is also interesting to note that the redox
potentials for both structural units are not significantly depen-
dent on the degree of polymerization: the oligomers containing
quinone showed a slightly increased redox-potential to 2.93-
2.94 V vs. Li, whereas those of oligomers containing hydroxyl
groups increased to 0.11-0.27 V vs. Li. Previous studies utilized
the lowest unoccupied molecular orbital (LUMO) energy levels to
explain the different redox behaviors of various organic
molecules.'***® We find that the redox potentials calculated
in this study also show linear correlations not only with the
LUMO energy levels but also with the electron affinity (EA) and
the gap between the highest occupied molecular orbital (HOMO)
and the LUMO (HOMO-LUMO) (Fig. 1b-d). This infers that
redox-active molecules with more negative EA and LUMO energy
levels would have higher redox potentials due to the preferen-
tially reductive nature of the molecules. In addition, we consid-
ered the existence of secondary amine (R-NH-R) in the
molecules, which can contribute additional charge capacity to
polydopamine through the p-type doping/de-doping process
with anions (Scheme S3, ESIt). To confirm this contribution,
we computed the redox potentials of the molecules binding with
the anion (PFs~). The DFT calculation showed that the doping/
de-doping process of the anions (PFs ) occurred at 4.03 and
4.41 V vs. Li for 5,6-dihydroxyindole and 5,6-indolequinone
monomers, respectively. These redox potentials decreased to
3.73-3.82 and 3.95-3.97 V vs. Li for the corresponding dimers
and trimers, respectively (Table S2, ESIt). Thus, these computa-
tional results predict multiple redox reactions of polydopamine
with electrolyte ions in the broad voltage range of 2.5-4.1 Vvs. Li.

Because most organic electrode materials have poor electrical
conductivity, they require a mixing process with a large amount
of conductive additive to activate the redox reactions. In this

This journal is © The Royal Society of Chemistry 2017
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(@) The calculated redox potentials of 5,6-dihydroxyindole and 5,6-indolequinone monomers and their oligomers (dimers and trimers). The

correlations of the redox potentials of the molecules in (a) with their electronic properties, namely (b) EA, (c) LUMO, and (d) HOMO-LUMO gap.

study, we utilized a sub-millimeter long FWNT, which was synthe-
sized using a fluidized-bed chemical vapor deposition method, as a
conductive substrate owing to its high electrical conductivity and
high aspect ratio.*”*®* We coated polydopamine on the surface of
FWNTs through the self-polymerization process of dopamine in
weak alkaline solutions (Scheme 2a). Dopamine and FWNTs were
mixed at different concentration ratios (i.e. FWNT/dopamine =1:1,
1:2, 1:4, and 1:8) in 2-amino-2-hydroxymethylpropane-1,3-diol
(Tris) aqueous solution (1.2 mg mL ™!, pH = 8.5). The mixtures
were stirred at room temperature for 6-18 h, during which poly-
dopamine was coated on the surface of FWNTSs. Flexible and free-
standing films were assembled via vacuum-filtering of the aqueous
mixture (Scheme 2b). The loading amount of polydopamine within
the hybrid films can be controlled by the concentration ratio and
stirring time of the aqueous mixture. The hybrid films were labeled
with the concentration ratios of FWNTs and dopamine in the
aqueous mixtures (i.e. PDA-X indicates the film prepared from
the concentration ratio of FWNT/dopamine = 1: X, where X = 1,
2, 4 and 8). We estimated the weight percentage of polydopamine
in the hybrid films by measuring the mass difference between
the used FWNTs and the hybrid films. As the concentration of
dopamine increased, the weight percentage of polydopamine
progressively increased (Fig. 2a), whereas their yield percentage
from monomer to polymer gradually decreased (Fig. 2b). It is
interesting to note that increasing the stirring time can increase
both the weight percentage and the yield of polydopamine,
indicating that the effective polymerization process takes place
under stirring conditions (Fig. 2a and b). After stirring the
mixture for 18 h, a maximum loading of 65.6 wt% was achieved

This journal is © The Royal Society of Chemistry 2017

for PDA-8, while a maximum yield of 65.5% was obtained for
PDA-1. In addition, the normalized electrical conductivity
decreased from 209 Scm” g~' for the pristine FWNT film to
20 Scm? g~ * for PDA-8 (65.6 wt%) owing to the insulating nature of
the polydopamine coating on the surface of the FWNTs (Fig. 2c).
The formation of quinone groups in the polydopamine was
investigated and the resulting UV-vis spectra are shown in
Fig. 3a. Compared with the spectrum of pristine dopamine,
the spectrum of the hybrid film (PDA-2, 6 h stirring, 39 wt%)
displayed an intensive absorption band at ~266 cm ™' due to
the m-plasmon absorption of carbon nanotubes®* and a
shoulder absorption peak at ~350 nm was ascribed to the
formation of the quinone.*® The detailed surface chemistry of
the hybrid film (PDA-2, 18 h stirring, 53 wt%) was further
analyzed using X-ray photoelectron spectroscopy (XPS)
(Fig. 3b-d). A high-resolution C 1s spectrum of pristine FWNTs
was dominated by the sp>-hybridzed carbon peak, while the
hybrid film displayed a broadened spectrum towards a higher
binding energy owing to the introduced polydopamine coating
on the FWNTs (Fig. 3b). The C 1s spectrum of the hybrid film
can be fitted into four peaks at 284.5 £ 0.1 eV for CH,/C-NH,
and sp>-hybridized carbon, 285.6 + 0.1 eV for C-O/C-N, 287.7 +
0.1 eV for C=0 and 290.9 + 0.3 eV for the © — n* transition
satellite for aromatic carbon species.’*! The O 1s spectrum of
the hybrid film was fitted with two main peaks, the peak
centered at 533.1 £ 0.2 eV for O-C and 531.2 £+ 0.1 eV for
0=C,*®*" where the percentage of carbonyl species (quinone
group) is 26%. In addition, the N 1s spectrum of the hybrid film
revealed three peaks at 401.9 + 0.1 for primary amine (R-NH,),

Energy Environ. Sci., 2017, 10, 205-215 | 207
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Few-walled carbon
nanotubes (FWNTSs)

(a) Oxidative self-polymerization reactions of dopamine in weak alkaline solution and a continuous coating process of polydopamine on the

surface of few-walled carbon nanotubes (FWNTSs). (b) Digital image of a flexible hybrid film consisting of polydopamine coated FWNTSs.
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399.9 + 0.1 eV for secondary amine (R-NH-R), and 398.5 +
0.1 eV for tertiary/aromatic (=N-R) amine functional groups.*®*"
The primary amine peak corresponds to dopamine, the secondary
amine peak is associated with polydopamine or oxidized inter-
mediates, and the tertiary/aromatic peak is ascribed to the
tautomers of 5,6-dihydroxyindole and 5,6-indolequinone
(Scheme 2a).*° A recent study proposed that polydopamine
consists of the combination of covalent polymerization of
5,6-indolequinone and a non-covalent self-assembly of dopamine
and its intermediates.”> Therefore, the coexistence of different
amine groups in the hybrid film is consistent with the proposed
structural model of polydopamine.

Both the pristine FWNTs and hybrid films exhibit 3D inter-
penetrating network structures consisting of FWNTs (Fig. 4a) or
polydopamine coated FWNTs in the scanning electron microscopy

208 | Energy Environ. Sci., 2017, 10, 205-215

(a) Weight percentage and (b) yield of polydopamine in the hybrid films as a function of the concentration of dopamine and stirring time.
(c) Normalized electrical conductivities of hybrid films as a function of the concentration of dopamine (18 h stirring

(SEM) images (Fig. 4b-d). In addition, when the concentration of
dopamine is high, randomly distributed polydopamine spheres
with diameters of ~200 nm were also observed within the hybrid
films (Fig. 4c and d). These polydopamine spheres were synthesized
via self-nucleation reactions in aqueous solution as the concen-
tration of dopamine increased. These polydopamine spheres were
also observed from the homogeneous polymerization process of
dopamine without FWNTs (Fig. S1, ESIT). We further conducted
elemental mapping of oxygen and nitrogen on pristine FWNTs and
hybrid films by energy-dispersive X-ray spectroscopy (EDX). Despite
the observation of the polydopamine particles within the
selected area for EDX mapping, the hybrid film exhibited a
homogenous distribution of oxygen and nitrogen with higher
density compared to those of the pristine FWNT film, confirm-
ing the successful coating of polydopamine on the FWNTs

This journal is © The Royal Society of Chemistry 2017
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(Fig. S2, ESIt). The conformal coating of amorphous poly-
dopamine on the surface of FWNTs was further confirmed by
the high-resolution transmission electron microscopy (TEM)
images. Pristine FWNTs exhibited a slightly roughened outer
wall owing to the introduced defects during the growth process
(Fig. 4e). Synthesized polydopamine formed an irregular coating
on the surface of the FWNTs for the hybrid film with a low
loading amount of the polymer (39 wt%) (Fig. 4f). This coating
became more uniform with a thickness of ~5 nm as the loading
of polydopamine increased to 53 wt% (Fig. 4g).

The redox-active properties of polydopamine were investigated
using cyclic voltammetry (CV) measurements in both Li- and
Na-cells. The free-standing hybrid films with mass loadings of
1-3 mg cm > were directly used as cathodes against the Li or Na
metal anodes. The CV scans of the pristine FWNT films were
also measured as references, showing characteristic box-like
shapes owing to their electrical double-layer capacitance charge
storage mechanism (Fig. S3a and b, ESIf)."***** The first
forward scan of the hybrid electrode exhibited a wide oxidation
peak with an onset potential of ~2.5 V vs. Li, which is ascribed
to the interactions between the quinone groups in poly-
dopamine and Li-ions. The oxidation peak position of ~3.3 V vs.
Li is similar to that of benzoquinone (~3.1 V vs. Li)*° (Fig. 5a).
The second oxidation peak at ~3.9 V vs. Li is associated with the
p-doping process of anions (PFe ) into the polymer chain or
nitrogen atoms, which is also consistent with the DFT calcula-
tion results (Table S2, ESIt).*>*® A strong oxidation wave with an
onset potential of ~4 Vvs. Li can be attributed to further anodic
polymerization of the intermediates within the polydopamine
film.*” Upon subsequent CV cycling, the anodic polymerization

This journal is © The Royal Society of Chemistry 2017
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(a) UV-vis spectra of aqueous solutions of pristine dopamine and the hybrid film (PDA-2, 6 h stirring, 39 wt%). High-resolution XPS (b) C 1s,
(c) O 1s, and (d) N 1s spectra of the pristine FWNT and the hybrid film (PDA-

2, 18 h stirring, 53 wt%).

current progressively disappeared and the broad redox peaks
centered at ~3.1 V vs. Li approached stable current values
(Fig. 5a and b), this redox potential is very consistent with
those calculated using the DFT method (2.83-2.93 V vs. Li)
(Fig. 1a). The pristine polydopamine electrode, which was
prepared from polydopamine spheres (Fig. S1, ESIT), exhibited
similar redox characteristics in a Li-cell (Fig. S4a, ESIt).
Similar to the results in Li-cells, the hybrid electrode displayed
steady-state redox peaks centered at ~2.8 V vs. Na after the
anodic polymerization process in Na-cells (Fig. S3c¢ and 5b,
ESIt). These high redox potentials suggest that polydopamine
is an ideal candidate for organic cathodes for both Li- and
Na-ion batteries. The charge storage characteristics of the
polydopamine were further analyzed by the potential-
dependent CV measurements in Li-cells (Fig. 5c). In a low
voltage range of 1.5-2.5 V vs. Li, the CV scan showed a box-like
shape, indicative of double layer capacitance from the FWNTs.
In contrast, the redox peaks were gradually developed as the
voltage increased from 2.5 to 4 V vs. Li, which clearly revealed
the redox reactions between the quinone groups and Li ions.
In addition, the backward CV scans from 4.5 V to 3.5 V showed
a gradual increase in currents, which can be attributed to the
p-doping process of anions into the polymer chain or nitrogen
atoms.*>*® Moreover, the rate-dependent CV scans in both
Li- and Na-cells maintained the redox features at higher scan
rates (100 mV s~ for Li-cells and 25 mV s~ * for Na-cells) owing
to the fast surface redox reactions (Fig. 5d and Fig. S3d, ESI¥).
The linear relationship between the peak current and the
scan-rate indicates a surface-controlled redox process of poly-
dopamine within the hybrid films (Fig. 5d inset).

Energy Environ. Sci., 2017, 10, 205-215 | 209
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Fig. 4 Scanning electron microscopy (SEM) images of (a) the pristine FWNT and hybrid films: (b) PDA-2 (53 wt%), (c) PDA-4 (59.5 wt%), and (d) PDA-8
(65.6 wt%). The inset in (a—d) are the SEM images of FWNTs and hybrid films at high magnification. High resolution transmission electron microscopy
(TEM) images of (e) pristine FWNT and hybrid films: (f) PDA-2 (39 wt%) and (g) PDA-2 (53 wt%).

To further understand the redox reactions between the
quinone groups in polydopamine and Li ions, we conducted
ex situ XPS measurements of the hybrid electrode (PDA-2,
53 wt%) after the constant potential holding step and the
continuous self-discharge process in Li-cells. The voltage drift
of the hybrid electrode was measured at open-circuit for ~18 h
after holding the cell at a target voltage for 60 min (Fig. 6a). The
open-circuit potential of the hybrid electrode is ~3.2 V vs. Li.
After the voltage holding process at 4.5 V vs. Li, the open-circuit
voltage gradually dropped to ~ 3.6 V vs. Li during the rest of the
process owing to parasitic leakage current.*® In contrast, after
the holding process at 1.5 V vs. Li, the voltage progressively
recovered to ~2.5 Vvs. Li with time. The electrode also showed
almost constant voltage behavior after holding at 3.5 V vs. Li,
which is close to the open-circuit potential of the as-assembled
electrode. After the self-discharge test, we washed the electro-
des in dimethyl carbonate (DMC) and then measured the XPS
Li 1s spectrum to compare the remaining Li ions on the
polydopamine (Fig. 6b). The hybrid electrode that was held at
1.5 Vvs. Li showed a strong Li 1s peak owing to the adsorbed Li

210 | Energy Environ. Sci,, 2017, 10, 205-215

ions on the quinone groups in the polydopamine after the dis-
charge process. The Li 1s peak intensity was found to decrease with
increasing hold voltage, indicating the desorption process of the Li
ions on the quinone groups during the charge process. This
potential-dependent Li adsorption and desorption behavior further
supports the reversible redox reactions between quinone groups in
the polydopamine and Li ions.

We further utilized the DFT method to structurally characterize
the redox reactions between the quinone groups in polydopamine
and Li ions at the molecular level. The changes in the structural
and electronic properties due to the Li binding to the monomer
constituting the polydopamine are depicted in Fig. S5 (ESIt). The
first Li ion positioned between the two carbonyls loses its electrons
to the neighboring oxygen atoms, exhibiting a charge of +0.52. The
charge transfer between Li and O subsequently affects the bonding
characteristics of the carbonyls, partially losing their double bond
nature. The second Li ion adsorbed on top of the aromatic ring
in the molecule provides additional charge transfer with the
neighboring oxygen atoms. This ultimately leads to a further
change in the bonding characteristics of the carbonyls, forming

This journal is © The Royal Society of Chemistry 2017


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6ee02641a

Open Access Article. Published on 28 1395. Downloaded on 30/11/1404 12:48:45 ..

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Energy & Environmental Science

View Article Online

Paper

1.0 —
(a) I\
o 13(_2nd
__gd 4" | ) i

S 05r —— Steady State
<

ool

| ——— 0.2t
L/s’—_— 1 mV/s ) 1mVis
1 3 4 2 3 4
E (Vvs. Li) E (V vs. Lior Na)
04 20 =
(c) §, 10 Anodic_- (@)
| = ’
o P

02¢ ; 1013 O[F o Cathodic
) &) §'100 357406589760
< 00F Wi 2 ®  ScanRate (mV/s)
= P el
= . ol

02}

1 mV/is 10+ ——100 mV/s
04 i ‘ ’ ; ’ :
1 1 2 3 4 5

3
E (V vs. Li)

E (V vs. Li)

Fig. 5 Cyclic voltammetry (CV) measurement of the hybrid electrode (PDA-2, 39 wt%) in Li- and Na-cells. (a) The first four and steady-state CV scans at
1 mV s~tin a Li-cell. (o) Comparison of steady-state CV scans in Li- and Na-cells. (c) Potential-dependent and (d) rate-dependent CV scans in Li-cells.
Peak current of the electrode as a function of scan rate is shown in the inset of (d). The voltage window of the CV scans in the Li-cells was 1.5-4.5 V vs.
Li in 1 M LiPFg in a mixture of ethylene carbonate (EC) and dimethyl carbonate (DMC) (3:7 volume ratio) and the voltage window in Na-cells was
1.3-4.2 V vs. Nain 1 M NaPFg in a mixture of EC and DMC (3:7 volume ratio).

(b) Li 1s

1.5V

=
2
>
= 15V
L -

1 1 L 1

1 N

MU‘ !

M # \ﬂm M
“\N " ]\W\Mw%\;w

|
\"

Intensity (a.u.)

D ket ¥
‘\h‘ ﬂ“mw‘h Wiy
\‘ (Y \ ‘|

0 2
Time (h)

4 6 8 10 12 14 16 18 60 58 56 54 52 50

Binding Energy (eV)

Fig. 6 (a) The self-discharge course of the hybrid films after holding at different voltages. (b) XPS Li 1s spectra of the hybrid films (PDA-2, 53 wt%) after
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in the C-O-Li bonds (Table S3, ESIt). Fig. 7 shows how the redox
potentials for the 5,6-indolequinone monomer and dimer con-
sisting of polydopamine are changed with the number of bound
Li ions during the discharge process. As expected, the redox
potentials are gradually reduced as the number of the bound Li

This journal is © The Royal Society of Chemistry 2017

ions increases. The redox potentials of monomer and dimer
become negative after binding with two and four Li ions,
respectively, losing their cathodic activities.

Galvanostatic charge and discharge tests were conducted in
both Li- and Na-cells to evaluate the charge storage capabilities
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of the hybrid electrodes. We compared the discharge profiles of
the pristine FWNT and hybrid electrodes in the Li- and Na-cells
(Fig. 8a and b). The pristine FWNT electrodes showed small
gravimetric capacities of ~40 mA h ¢~ " in a Li-cell'>*>** and
~32mAh g " in a Na-cell, while the hybrid electrodes (PDA-2,
39 wt%) delivered significantly enhanced capacities of
~117 mA h g " and ~103 mA h g ' in Li- and Na-cells,
respectively. It is interesting to note that the hybrid electrodes
have sloped discharge profiles, which can be attributed to the
combination of double-layer capacitance and multiple redox
reactions. As the loading of polydopamine increased from 39 to
53 wt%, the gravimetric capacities of the hybrid films slightly
increased to ~133 mAh g 'in a Li-cell and ~109 mAh g~ " in
a Na-cell. To understand the intrinsic charge storage capability
of polydopamine, we calculated the rate-dependent gravimetric
capacities of polydopamine in the hybrid electrodes based
on the rule of mixtures in the Li- and Na-cells (Fig. 8c, d and
Fig. S6, ESIt). At a slow discharge rate of 0.05 A g~ ', the
polydopamine in the hybrid electrode with a lower loading
(PDA-2, 39 wt%) delivered higher capacities of ~235 mAh g™*
in a Li-cell and ~213 mA h ¢~ " in a Na-cell compared to those
of the polydopamine with a higher loading (PDA-2, 53 wt%)
(~217mAhg "inaLicelland ~178 mA h g~ " in a Na-cell). In
addition, the pristine PDA electrode, which was prepared from
polydopamine spheres (Fig. S1, ESIt), delivered a discharge
capacity of 158 mA h g and a charge capacity of 102 mAh g™*
at a current density of 0.05 A g~ ' (Fig. S4b, ESI{). The lower
discharge capacity and the difference between the charge and
discharge capacities of the pristine PDA electrode may be
attributed to the electrical and ionic resistance through the
large polydopamine particles. The capacity of polydopamine in the
hybrid electrodes is comparable or even higher than most of
the reported carbonyl-based compounds (Table S4, ESIT),'>718:49:%0
Over higher current densities, the polydopamine with a lower
loading (39 wt%) showed an overall enhanced rate-performance
compared to that of the polydopamine with a higher loading
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(53 wt%). At a high current density of ~10 A g, the poly-
dopamine with a lower loading (39 wt%) exhibited high capacities
of ~139 mAh g 'inaLi-celland 54 mA h g " in a Na-cell, whereas
the polydopamine with a higher loading (53 wt%) delivered
decreased capacities of ~87 mA h g™ ' and ~10 mA h ¢! in
Li- and Na-cells, respectively. These differences indicate that a
portion of the polydopamine is not effectively utilized as the
loading amount increases. Such decreased charge storage
performance of the polydopamine with a high loading may be
attributed to the polydopamine spheres that were separated
from the conductive FWNT network (Fig. 4), resulting in poor
utilization of their redox activities. A relatively low capacity
(121-129 mA h g~ ") and poor rate-performance of the hybrid
electrodes prepared with a higher concentration of dopamine
(PDA-4 and 8) further confirms this trend (Fig. S7c and d).
Fig. S8 (ESIt) compares the Nyquist plots for the hybrid
electrodes (PDA-1, 2, 4, 8, 18 h stirring). A single semicircle in
the high-to-medium frequency region and an inclined line at a
low frequency provide information about the charge-transfer
resistance R.. and mass-transfer process, respectively. A higher
R (2051-2370 Q) of PDA-4 and PDA-8 compared to those of the
PDA-1 and PDA-2 electrodes (1336 Q) further indicates the
significantly low charge transfer resistance within the PDA-4
and PDA-8 electrodes including the separated polydopamine
spheres. These results suggest that the conformal coating of
polydopamine on the conductive substrate is a crucial design
factor for maximizing the performance of the hybrid electrodes.

The cycling stabilities of the hybrid electrodes were evalu-
ated by repeatedly charging and discharging the cells at a
constant current density of 0.25 A g~ ' (Fig. 8e, Fig. S9 and
S10, ESIY). Different cycling test conditions were applied to the
same electrode (PDA-2, 39 wt%). The electrode under repeated
charge/discharge cycles without any potentiostatic holding
process exhibited rapid capacity fading, retaining 50% of its
initial capacity after 100 cycles. On the other hand, when a
short potentiostatic holding for 5 min at 4.5 or 1.5 V vs. Li was
applied at the end of each charge and discharge cycle, the
capacity retention was significantly improved, maintaining
78% of its initial capacity. A comparison of the CV scans before
and after the cycling test (Fig. 8e inset, PDA-2, 39 wt%)
indicates that the loss of capacity was attributed to the decrease
of the redox peaks. A control experiment was also conducted in
which no potentiostatic holding was applied for the first
50 cycles, and a 5 min potentiostatic holding was applied for
the subsequent 50 cycles. The capacity gradually decreased
during the first 50 cycles, while the capacity immediately
recovered once the potential holding was applied. It is inter-
esting to note that this recovered capacity was similar to that of
the cycling test with a continuous 5 min potentiostatic holding
test. A similar result was also observed for the electrode with
higher polydopamine loading (PDA-2, 53 wt%, Fig. S9, ESIf).
This suggests that the gradual capacity loss during cycling due
to the kinetic limitation of the redox reactions within the
polydopamine film rather than the dissolution of the mole-
cules. We also evaluated the cycling stability of this electrode
via an accelerated cycling where the cell was cycled at a high

This journal is © The Royal Society of Chemistry 2017
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shows the comparison of CV scans of PDA-2 (39 wt%) at the initial cycle and 100th cycle at1 mV's

~1 (f) Gravimetric charge and discharge capacities of

the hybrid electrode (PDA-2, 53 wt%) as a function of cycle number up to 10 000 cycles using an accelerating cycling method.*® (f) Inset compares the
charge and discharge curves of the 1st and 1000th and 10 000th cycles. The capacities were measured based on the total weight of the hybrid electrodes

for a, b, e and f, and the weight of polydopamine for c and d.

current density of 10 A g~ " and then the capacity was measured at
a slow current density of 0.1 A g~ after a 30 min holding® (Fig. 8f).
The accelerated cycling test revealed a negligible capacity decrease
up to 10000 cycles, indicating that most of the capacity of the
hybrid electrode is recoverable after a 30 min holding. To further

This journal is © The Royal Society of Chemistry 2017

confirm the stability of polydopamine in the organic electrolyte,
stability and dissolution tests were conducted following the
method published in a previous study.”” A piece of the fresh
hybrid electrode including 51.4 wt% of polydopamine was dipped
into the electrolyte solvent, a mixture of ethylene carbonate (EC)
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and dimethyl carbonate (DMC). Although the electrode was kept
for more than 12 h, no color change of the solvent was observed
(Fig. S11a, ESIt). In addition, there was no mass change after
completely drying the dipped electrode, indicating that synthe-
sized polydopamine is stable in the electrolyte. Solubility tests of
the hybrid electrodes in either fully charged or discharge states
also showed no color changes even after keeping the electrodes in
the electrolyte for over 12 h (Fig. S11b, ESI}), indicating that
polydopamine is also insoluble in the electrolyte in the charged
or discharged states. These results further confirm that the self-
polymerization process can prevent the dissolution of dopamine
molecules, which is a common shortcoming of most organic
electrode materials.

Conclusions

In conclusion, we have demonstrated that polydopamine can
be utilized as a high-performance organic cathode material for
rechargeable Li- and Na-ion batteries. Dopamine was self-
polymerized on the surface of FWNTs in alkaline aqueous
solutions during which the loading of polydopamine can be
simply controlled by the mixing time and concentration of
dopamine. The free-standing and flexible hybrid films were
assembled using a vacuum filtration method, which were
utilized as cathodes in both Li- and Na-cells. Polydopamine
within the hybrid films exhibited multiple redox reactions with
both electrolyte ions in the high voltage region of 2.5-4.1 V vs. Li,
which was consistent with the DFT computation results. The hybrid
electrodes exhibited gravimetric capacities of ~133 mAh g™ ' in
Li-cells and ~109 mA h g™' in Na-cells through double layer
capacitance and multiple redox-reactions. We further revealed
that the polydopamine itself in the hybrid electrodes can store
high capacities of ~235 mAh g™ " in Li-cellsand ~213 mAhg™"
in Na-cells. Moreover, the hybrid electrodes showed a high rate-
performance with excellent cycling stability. Combined with its
advantage of a simple polymerization process, the introduced
polydopamine based electrodes could be ideal candidates for
developing high-performance organic batteries.
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