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Polydopamine (PDA), a mussel adhesive-inspired biomimetic polymer, has attracted tremendous attention owing to its

capability of self-assembly to form

nanostructures, and abundant surface functional groups for secondary modification. PDA is also a fantastic carbon source

because it gives nitrogen (N)-doped graphite-like carbon at high yield, and the carbonized PDA (C-PDA) thin coatings have

similar properties to that of N-doped multilayered graphene, i.e., exhibiting high electrical conductivity, good

electrochemical and mechanical properties. In comparison with other carbon sources, an outstanding feature of PDA lies

in its ease of integration with inorganic nanostructures and capability for easy tailoring the structure and morphology of

the resultant composite nanostructures. In this article, different routes for preparation of C-PDA-based composite

nanostructures, such as carbon/metal oxide and carbon/Si hollow, mesoporous, core-shell, yolk-shell nanostructures, are

introduced with typical examples. The structures, morphologies and properties of the C-PDA-based composite

nanostructures are also reviewed, and their potential applications in various engineering fields, such as energy storage,

solar water splitting, flexible electronics, catalysis, sensing and environmental engineering, are highlighted. Finally a future

outlook for this fascinating composite-nanostructure enabler is also presented.

1. Introduction

As one of the most versatile materials, carbon has found wide
uses in many fields, such as energy harvest/storage, sensing,
mainly due to its
extraordinary properties, including low density, high thermal
and electrical conductivity, good chemical and electrochemical
stability, and excellent mechanical strength for some carbon
allotropes. Carbon is also frequently integrated with inorganic

catalysis and environmental science,

nanomaterials to form nanocomposites. By synergistically
combining the properties of carbon and inorganic phases,
carbon-based nanocomposites offer rich possibilities for
developing high-performance functional or
multifunctional fabricate a

novel
carbon-based
targeted
application, carbon source must be appropriately chosen since
it directly the structures, morphology and
properties of the carbon phase. The type of carbon source

materials. To
nanocomposite with desired properties for a

influences

would also determine the processing routes for the carbon-
based nanocomposites, which affect the interfacial
interactions between the carbon and inorganic phases and
ultimately the properties of the nanocomposites. Common
types of carbon source, including small molecules, renewable
compounds, and polymers, have been well summarized in
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50 Nanyang Avenue, Singapore 639798.
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recent review articles.”® This review will focus on a unique
carbon source, polydopamine (PDA), which is an ideal
candidate for integration of carbon with inorganic
nanostructures. PDA can be easily converted to a special
category of carbon, nitrogen-doped (N-doped) graphitized
carbon. The graphitization of the carbon benefits both in-plane
and through-plane electrical conduction, while the internal
doping with quaternary nitrogen is in favour of electrons
transport thus further improvement of electrical conduction.™
The doping also induces structural disorder and defects into
carbon that frequently leads to enhanced electrochemical
activity. N-doped carbon can be produced from many types of
carbon sources and through different routes, which have been
introduced in a number of reviews.">" The outstanding
feature of PDA as the source of N-doped graphitized carbon
lies in its ease of integration with inorganic nanostructures and
capability for easy tailoring the morphology of the composite
nanostructures, as well as the possibility for facile secondary
modification. In the following sections of this review,
structures and properties of PDA and carbonized PDA (C-PDA)
will be introduced firstly, and then various strategies used for
fabrication of C-PDA nanostructures and C-PDA-based
composite nanostructures will be presented with typical
examples. The potential applications of these composite
nanostructures in various fields will also be highlighted.

2. Structures and properties of polydopamine
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PDA is a mussel adhesive-inspired biomimetic synthetic
polymer with good affinity to almost any solid surface through
chemical binding and physical interactions resulting from its
diverse functional groups, especially its catechol group. In
general, there are three routes to prepare PDA, i.e., enzymatic
catalytic oxidation,™® electrochemical polymerization (on
electrically conductive electrode),17 and oxidation
polymerization in solutions. Enzymatic catalytic oxidation is an
effective route for PDA synthesis.18 In the presence of laccase
and under pH of about 6, dopamine can be oxidized and then
polymerizes into PDA. In this case, the catalyst, laccase, is
finally encapsulated in the formed PDA as impurities. This may
bring deleterious effect to the properties of PDA. Pure PDA
thin films can be prepared via electrochemical polymerization
of DOPA. The polymerization is carried out by cyclic
voltammetric process using deoxygenated phosphate buffer
solution that contains o-phenylenediamine, dopamine and L-
or D-glutamic acid as electrolyte. Films with large and
adjustable thickness can be achieved through the
electrochemical route. However, it can only be formed on
electrically conductive substrates, gold electrode for instance.
Compared with the above two, solution oxidation is the most
popular method because the oxidation polymerization of
dopamine (DOPA, Fig. 1a) can be conveniently conducted at
room temperature in basic aqueous solutions, forming PDA
coating on various substrates.™ Despite the diverse
preparation routes, the polymerization mechanism and
resultant PDA structure is still not fully clarified up to date.
Nonetheless, it is widely accepted that multiple reactions and
conversions, including oxidation of dopamine into dopamine-
quinone, intramolecular cyclization, rearrangement, further

oxidation into indole-quinone, are involved during the
ponmerization.zo'23 The complicated process leads to
structural diversity and disorder, which are significantly

dependent on the monomer concentration, buffer type, pH
value, and the oxidant used.””*** At the early stage of the
structure investigation, it was believed that the dopamine
monomers were oxidized, cyclized and then covalently joined
together via aryl-aryl or other chemical bonding (Fig. 1b).
Bernsmann et al. suggested in 2011 that the formation of PDA
resembles the pathway of synthetic melanin.”® The oxidation
of dopamine forms 5,6-dihydroxyindole and then 5,6-
indolequinone. These two molecules undergo further
branching reactions at positions 2, 3, 4 and 7, resulting in
multiple isomers of dimers and higher oligomers that finally
self-assemble into PDA (Fig. 1c). Later on, D. R. Dreyer et al.
confirmed the supramolecular aggregate of monomers that
are held together through charge transfer, m-m stacking and
hydrogen bonding, rather than simply covalent bonding,
during the formation of PDA (Fig. 1d).” The spacing between
the stacked layers is about 0.38 nm as verified by X-ray
diffraction spectroscope (XRD). It is worth mentioning here
that the stacked layers can also be directly observed under
high-resolution transmission electron microscope (HRTEM),
and the interlayer spacing is measured to be around 0.40 nm.”®
This further confirms the stacking mechanism. S. Hong et al.
then proposed that the formation of PDA involves both the
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Fig. 1 (a) Chemical structure of DOPA monomer, (b-e) proposed chemical structures of
PDA by different research groups [figure (b): reprinted with permission from ref. %,
Copyright 2010, Elsevier; figure (c): reprinted with permission from ref. -, Copyright
2011, American Chemical Society; figure (d): reprinted with permission from ref. 7,
Copyright 2012, American Chemical Society; figure (e): reprinted with permission from
ref. 22, Copyright 2010, John Wiley and Sons].

covalent bonding between the units (top and bottom black
structures in Fig. 1e) and the non-covalent self-assembling of
monomers or formed oligomers such as aromatic rings
stacking on each other (red, blue and middle black structures
in Fig. 1e), leading to a typical structure of PDA as shown in Fig.
1.2

PDA is a biocompatible and biodegradable polymer,zg’ 0
and has strong ultraviolet (UV)-visible-NIR light absorption and
weak fluorescence upon excitation by UV light, which is due to
its chemical disorder.>” *? In terms of electronic properties,
PDA resembles either amorphous organic semiconductors>> >
or electronic-ionic hybrid conductors® due to the T-system,
leading to electrical conduction capability which is critically
affected by temperature, morphology and environmental
humidity. PDA owes its paramagnetism property to the stable
n-electron free radical species,36 and its chemical activity to
functional groups. It is capable of reacting with a wide variety
of molecules, such as amine, thiol- or carboxyl-containing
compounds, and 1,3,5-benzenetricarbonyl trichloride.®”°
Moreover, the catechol groups in PDA are able to reduce noble
metal ions, including Ag', Au®*, and Pt*', to corresponding
metals as they are oxidized into quinone groups upon the
release of electrons and protons.‘m‘42 Mimicking mussel
adhesive proteins, PDA is also capable of forming complexes
with various transitional metal ions, such as Fe>*, Mn**, Ni**,
and CoZJ',‘B‘49 due to its diverse functional groups, especially
catechol group which enables coordination bonding between
PDA and the metal ions. The types of the complexes formed

This journal is © The Royal Society of Chemistry 20xx

Page 2 of 18



Al oiNanoscale el

Nanoscale

are strongly dependent on the solution pH value.’®>! Last but
not least, PDA exhibits fairly good thermal stability and
chemical resistance to organic electrolytes and physiological
buffers, which renders itself a good candidate as protective
coating in the areas of sensing and energy.52

PDA is a promising carbon source owing primarily to its
strong affinity to various types of solid surfaces, which enables
facile formation of PDA thin coatings on a wide variety of
organic and inorganic substrates. When it is coated on
inorganic nanostructures, the conversion of PDA coating to C-
PDA coating alters the surfaces of the inorganic component
thus leads to C-PDA-based composite nanostructures with
improved or new functionalities. The thickness of PDA coating
can be facilely controlled. In addition, the abundant functional
groups in PDA, including catechol, amine, and imine, allow it to
covalently link with other organic molecules or chemically
bridge with a wide variety of transition metal species. This
offers rich opportunities to further modify PDA coating and
consequently bring about numerous novel hybrid materials
with unique structures and properties. The aqueous
preparation route and relatively high carbon yield of PDA (~60
wt%) upon annealing in inert environment also render it an
environmental friendly and cost-effective carbon source.

3. Structures, properties, and morphology of
polydopamine-derived carbon

3.1 Chemical structures and properties of polydopamine-derived
carbon

Like most other polymeric precursors, pyrolysis is the major

Fig. 2 (a) Layered structure of C-PDA coating formed on SnO, aggregates [reproduced

from Ref. *

with permission from the Royal Society of Chemistry], (b;~b;) C-PDA
nanoparticles that have graphite domains dispersed in amorphous matrix [reprinted

with permission from ref. *. Copyright (2014) American Chemical Society].

This journal is © The Royal Society of Chemistry 20xx
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process to obtain carbonaceous materials from PDA. Simple
carbonization at high temperatures, normally above 700 °C, in
inert environment, with flowing argon for instance, converts
PDA to C-PDA with complicated chemical reactions and
physical changes involved. Nevertheless, the
structure and physical properties of C-PDA differ from those of
other carbon sources due to the unique structure of PDA. In
2011, Dai et al. thermally converted solution oxidation-derived
PDA to carbon at 800 °C in N, successfully for the first time.>
The carbon is doped with about 7.28 wt% nitrogen, using the
above carbonization condition,> and the carbon yield is nearly
60 wt%. It had been suggested that PDA is similar to melanin in
structure, which is composed of stacked oligomeric proto-
molecules with indolequinone units,>® *7 and it is highly
possible that the derived carbon would resemble the layered
structure of its precursor. Thus, we investigated the structure
of PDA, which was in thin film form and fabricated on oxidized
silicon wafer.”® HRTEM, Raman spectroscope, XRD, X-ray
photoelectron spectroscope (XPS), as well as Fourier transform
infrared spectroscope (FTIR) were used to study the structure.
The results show that the C-PDA coating obtained indeed has
layered structure with interlayer spacing of 0.37 nm (Fig. 2a),
which well resembles that of uncarbonized PDA film that has a
slightly larger interlayer spacing (0.40 nm). The layered
structure was further confirmed by the XRD results, where a
single diffraction peak at about 22 2 for both PDA and C-PDA
coatings was observed, which verifies the graphite-like layered
structure. Nevertheless, the structural order is significantly
improved after carbonization with the increase of crystal size
from 2.0 nm for PDA to 5.3 nm for C-PDA, despite that there
are still considerable amount of defects in the carbon. The XPS
spectrum shows that the carbon is doped with 6.7 wt% and 4.5
wt% of oxygen (O) and nitrogen (N), respectively, under the
carbonization temperature of 700 °C in argon, indicating that N
and O are only partially removed. The carbonized PDA thin
coating can therefore be regarded as multilayered graphite

chemical
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S

Fig. 3 Chemical structure of C-PDA proposed by (a; and a,) Kong et al. [reproduced from
Ref. % with permission from The Royal Society of Chemistry], (b) H. Li et al. [reproduced
from Ref. *® with permission from The Royal Society of Chemistry], and (c) K. Ai et al
[reprinted with permission from ref. *°. Copyright 2012, John Wiley and Sons].
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doped with heteroatoms. This was further supported by the
ordered hexagonal diffraction patterns and/or diffraction rings
from the selected area electron diffraction (SAED) results
reported by Mullen’s group.60 The structural study of C-PDA
particles prepared under carbonization temperature of 800 °C
in N, by Jin’s group in 2014, however, showed slightly different
results; the C-PDA particles have an amorphous carbon matrix
embedded with graphite-like domains of size of about 15 nm
(Fig. 2b1~b4).53 Several domains containing a few ordered
stacking layers were also observed. Regarding the chemical
structure of C-PDA, our XPS study revealed that the doped N in
C-PDA thin film is further divided into around 46.5 wt%
pyridinic N, 52.5 wt% pyrrolic N, and 1.0 wt% graphitic N.* The
FTIR analysis shows that PDA is partially cross-linked via C-O-C
bonds during carbonization, while some catechol groups may
be converted to conjugated C=0 and some N atoms are also
present in the cross-linked structure (Fig. 3a; and az).28 This is
further supported by the analysis by H. Li et al., which showed
that the structure of PDA is transformed to N-doped carbon
that is partially cross-linked via C-O-C bonds after
carbonization (Fig. 3b).*® The cross-linking helps to retain the
multilayered structure of PDA, while the removal of
heteroatoms (N, O and H) may bring the layers closer to each
other, from 0.40 nm to 0.37 nm as aforementioned.
Differently, K. Ai et al. claimed that the doped-N in C-PDA sub-
micrometer spheres obtained by annealing at 800 °C in argon
is composed of 69.72 % graphitic N and 30.28 % pyridinic N
with a chemical structure shown in Fig. 3¢, and the C is mainly
in sp2 state.® The variation of chemical structures of C-PDA
reported by different research groups may be due to the
different polymerization conditions used that lead to structural
variation of PDA. In the first case (reported in ref. 28, 58 and
61), the polymerization was carried out in conventional
aqueous environment using tris(hydroxymethyl)
aminomethane (Tris) as the buffering agent, whereas in the
case reported in ref. 59, the polymerization was carried out in
the mixture of deionized water, ethanol and ammonia. The
polymerization condition reported in ref. 59 results in spherical
morphology, for which the size can be adjusted by altering the
ammonia amount, while it may also alter the chemical
structure of PDA and hence the structure of C-PDA. Moreover,
although oxygen atoms have been detected in the C-PDA
samples reported in ref. 59, only N and C were taken into
consideration concerning the chemical structure of C-PDA.
Therefore the proposed structure in ref. 59 may only partially
reflect the true structure of C-PDA.

Besides the pyrolysis of PDA to obtain carbon, the
hydrothermal treatment of dopamine at high temperature of
180 °C could also yield C-PDA.%* The derived carbon has sp2
graphitic structure with the existence of phenolic hydroxyl
carbons, indole/pyrole unit carbons, aliphatic carbons, and
carbonyl carbons. The lattice spacing is 0.325 nm and close to
[002] interlayer spacing of graphite. It is also shown that the
surface of the carbon is rich in indole/indoline units and
hydroxyl groups, offering hydrophilicity and hence the ability
for the carbon to be stably and homogeneously suspended in
aqueous media. In terms of property, the derived carbon dots

4| J. Name., 2012, 00, 1-3
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Fig. 4 The electrical conductivity of C-PDA coating (a) in and (b) through the basal plane
[reproduced from Ref. %8 with permission from The Royal Society of Chemistry].

exhibit broad emission spectra ranging from 380 nm to 530
nm, depending on the excitation wavelengths; for instance,
blue-green photoluminescence was observed under excitation
of ultraviolet light.

High electrical conductivity is one of the most significant
properties for C-PDA. Although the C-PDA coating has more
defects than the multilayer graphene prepared from other
carbon sources, the in-plane and through-plane electrical
conductivities (the latter was measured on a FTO substrate) of
the C-PDA coatings prepared by annealing at 700 °C are about
660 and 26,600 S m™, respectively (Fig. 4), which are
comparable to those of multilayer graphene.28 The high
conductivities obtained may be attributed to the altered
molecular charge-transfer behaviour induced by the n-type
doping by nitrogen and effective m-t stacking. Mullen et al.
showed that the electrical conductivity of C-PDA film is highly
dependent the temperature while
independent on the film thickness within the range of 3.4 —

on carbonization
20.5 nm.*° For instance, the average in-plane conductivity is as
high as 1200 S cm ™ when the treatment temperature is 1000
°C. They also found that the resistance of the film increases
linearly with the stretching rate from 0 % to 20 %, and it
rebounds back to the original value when the stretching is
removed. In their experiments, the C-PDA film was attached
onto plastic substrate (polydimethylsiloxane, PDMS), and
stretched in one direction using external force. The stretching
rate was defined as the ratio of increased length to original
length (in the direction of stretching). The resistance-
stretching relationship is recyclable, indicating the great
flexibility of the film and the potential application as flexible,
transparent electrode. The high conductivities greatly benefit
charge transport, which is critical for electrochemical and
some other applications that involve electrical conduction.

This journal is © The Royal Society of Chemistry 20xx
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3.2 Morphology of polydopamine-derived carbon nanostructures

Of different types of C-PDA nanostructures, C-PDA thin
film/coating is the most studied one. Highly stretchable and
conductive carbon film was obtained by coating PDA onto
oxidized silicon (SiO,/Si) wafer or Cu foil. 2 & Typically, the
substrate was simply immersed into aqueous solution of
dopamine in the concentration range of 0.3 — 2.0 mg/mL in the
presence of Tris (pH = 8.5). PDA coating was readily formed on
the substrate and then went through an annealing process to
be converted to C-PDA film, which was still well adhered to the
substrate without any obvious cracks or peeling. The surface of
the film is fairly smooth with low surface roughness (~ 0.60
nm). The thickness of the carbon film is adjustable from
several nanometers to tens of nanometers, depending on the
monomer concentration, polymerization duration, and the
number of times the coating procedure was repeated. The size
of the carbon film can be as large as that of silicon wafer. Using
a fast and contamination-free “direct dry-transfer” method
developed by Mullen et aI.,60 the PDA film deposited on Cu foil
could be facilely transferred onto plastic substrates that
possess low surface energy, e.g., PDMS. In this method, the
van der Waals force is the driven force to “attract” the carbon
film. Without using any substrate, C-PDA with layered
microstructure can also be attained. X. Liu et al. reported that
micro/mesoporous nitrogen-doped carbon multilayer
assemblies could be prepared without any substrate and
buffering agent.63 To achieve this, dopamine and FeCl; with
mass ratio of 1:5 were mixed and pressed together, and then
heated to a certain temperature, 600 °C for instance, in argon
environment. The Fe-based component was then removed by
hydrochloric acid resulting in a sample that had thin
planar/lamellar structure with short and disordered graphite-
like layer. It is believed that the addition of FeCl; is conducive
to the oxidation and polymerization of the monomers, as well
as beneficial for the graphitization and porosity formation of
the derived carbon.

In the absence of bulk substrates and any other host, DOPA
rapidly self-polymerize into PDA nanoparticles using Tris as the
buffering agent.53 The size of the nanoparticles is around 100
nm. Upon carbonization at 800 °C in N, or Ar, the PDA
nanoparticles are converted to carbon nanoparticles. Possible
cracking of the particles can be avoided by slowing down the
heating rate. The choice of solvent and buffering agent plays a
crucial role in improving the spherical shape of the C-PDA
nanoparticles. In our previous work we found that by
controlling the polymerization rate using H,O/ethanol mixed
solvent, PDA nanoparticles with very fine spherical shape can
be obtained.** In 2013, K. Ai et al. proposed another
straightforward solution method to obtain monodispersed and
size-controlled carbon sub-micrometer spheres at a large
scale.®® In their work, dopamine hydrochloride aqueous
solution was injected into the mixture of ammonia, ethanol,
and deionized water (DI H,0) to allow for immediate self-
polymerization. After reaction for 30 hrs, the final product was
obtained by centrifugation, washing, drying, and carbonization

This journal is © The Royal Society of Chemistry 20xx
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100 nm

Fig. 5 Typical morphologies of C-PDA (a) solid nanospheres with average diameter of
380 nm [reprinted with permission from ref. 9, Copyright 2012, John Wiley and Sons],
and (b) hollow nanospheres [reprinted with permission from ref. *, Copyright 2011,
John Wiley and Sons].

in Ar at 800 °C. Perfect spheres with varying size, which was
strictly controlled by the ratio of ammonia to DOPA, from 120
nm to 780 nm were obtained, as shown typically in Fig. 5a.
Hollow carbon spheres with particle size of approximately 400
nm were prepared separately by Dai et al. and Chen et al. in
2011 through coating DOPA onto silica spherical template
followed by carbonization and HF etching.54' > The structural
integrity and spherical morphology was perfectly maintained
after removing the template, while the wall thickness varied
from a few nanometers to tens of nanometers in accordance
with different coating conditions (Fig. 5b). Using nano-CaCO;
(40-110 nm in size) as the template, nitrogen-doped porous
carbon was obtained through PDA coating followed by
carbonization and removal of CaCO; in HCI solution.® In 2013,
Wu et al. prepared well-ordered nitrogen-doped nanoporous
carbon via PDA in-situ coating on silica template followed by
carbonization and removal of the template.66 In 2014, Ahmed
et al. prepared nitrogen- and boron-co-doped core-shell
carbon nanoparticles,67 which was achieved using carbon
particles as the core, PDA as the nitrogen precursor, and 3-
aminophenylboronic acid (ABA) as the boron precursor. The
carbon particles were covered by PDA followed by ABA thin
layer. The annealing at 900 °C in N, atmosphere led to
nitrogen- and boron-co-doped carbon nanoparticles.

Carbon dots were also obtained via a facile and green one-
step hydrothermal route using dopamine as the source.®
Without the use of any buffering agent, the aqueous

J. Name., 2013, 00, 1-3 | 5
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Fig. 6 The morphologies of C-PDA (a; and a,) nanotubes [reproduced from Ref. & with
permission from The Royal Society of Chemistry], (b; and b,) porous nanofibers
[reproduced from Ref. 8 with permission from The Royal Society of Chemistry] and (c)
nanocups-on-microtubes [reproduced from Ref.  with permission from The Royal

Society of Chemistry].

dopamine solution was heated up to 180 °C in a sealed Teflon-
lined autoclave and kept at 180 °C for 6 hrs. The sample was
then collected after dialysis and centrifugation. The size of the
carbon dots ranges from 3 to 5 nm. It is claimed that the
formation of carbon dots experiences the following process:
firstly the graphitization of dopamine that forms core, and
secondly the in-situ coating of polymerized dopamine onto the
core and further carbonization into carbon.

One dimensional (1D) C-PDA nanostructures, including
hollow nanofibers, mesoporous nanofibers, and nanocups
attached on microtubes (nanocups-on-microtubes), were
prepared by our group. These 1D C-PDA nanostructures were
obtained by PDA coating onto various 1D templates, which can
be removed in the subsequent step. For preparation of C-PDA
hollow nanofiber, PDA was firstly coated onto a loose lump of
electrospun polyacrylonitrile (PAN) nanofibers suspended in
DOPA aqueous solution (0.3 mg/mL) using Tris as buffering
agent. The PAN core was then dissolved in the N, N-
dimethylformamide (DMF), leaving PDA shells in 1D geometry
without affecting their structural integrity. The PDA nanotubes
were finally carbonized into C-PDA nanotubes as shown in Fig.
6a. The diameter and wall thickness of the nanotubes is
around 560 nm and 40 nm, respectively. For C-PDA porous
electrospun PS
nanofibers with interpenetrated nanochannels and surface-

nanofibers and nanocups-on-microtubes,

6 | J. Name., 2012, 00, 1-3
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located pores, respectively, were used as templates. Coating
PDA on the above two templates followed by annealing in
inert gas led to C-PDA porous nanofibers and nanocups-on-
microfibers (Fig. 6b,, b, and c).%® ¢ Interpenetrated pores
were formed in the C-PDA porous nanofibers, and the surface
of the nanofibers may have open pores or may be wrapped by
a continuous shell, depending on the PDA coating thickness. In
the nanocups-on-microtubes, a large number of ellipsoid-
shaped nanocups are firmly attached on the C-PDA
microtubes.

4. Integration of inorganic nanostructures with
polydopamine-derived carbon

4.1 Direct coating of PDA on inorganic nanostructures

Thanks to the ability of DOPA to self-polymerize in basic
aqueous solutions in ambient conditions and its versatile
adhesive properties, PDA can be directly coated onto
numerous kinds of inorganic nanostructures with adjustable
thickness via in-situ route. This leads to a facile approach to
novel composite nanostructures for a wide range of
applications. For example, C-PDA coating has been
demonstrated as a very useful approach to improve the
electrical conductivity of metal oxide nanoparticles for
electrochemical and some other applications. In 2012, Kong et
al. reported controlled coating of PDA on hydrothermally
obtained SnO, nanoparticles to produce bridged C-PDA-coated
Sn0O, nanoclusters.’® As shown in Fig. 7a; and a,, the SnO,
nanoparticle clusters, which have the size of about 50 nm with
some mesopores in between, are uniformly covered by a

Fig. 7 Morphologies of (a; and a,) C-PDA/Sn0O, nanoclusters prepared from PDA
coating and carbonization [reproduced from Ref. 2 with permission from The
Royal Society of Chemistry], and (b; and b;) mesoporous hollow carbon
microspheres embedded with FesO, nanoparticles [reprinted with permission
from Ref.”°. Copyright (2014), American Chemical Society].

This journal is © The Royal Society of Chemistry 20xx
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C-PDA thin layer with thickness of around 5 nm. The
deposition of PDA layer onto other metal oxides via in-situ
coating followed by carbonization was also carried out to
improve the electrical conduction of the oxide nanostructures
as well as protect the desired morphology from collapsing in
the case of volume change during electrochemical process. C.
Li et al. designed a novel one-dimensional highly graphitic
carbon-tipped manganese oxide/mesoporous
carbon/manganese oxide hybrid nanowire.”! It was fabricated
by multiple steps including coating PDA onto MnO, nanowires
in the presence of a structure-directing agent (a PEO-PPO-PEO
copolymer (P123)), mixing the coated nanowires with
Mn(NO3),-4H,0 in isopropanol followed by refluxing, and
annealing at 850 °C in argon flow. As a result, a thin disordered
mesoporous carbon layer was coated onto the MnO,
nanowires with graphitic carbon observed on the tip region,
while crystalline MnO, nanoparticles were distributed on the
carbon layer as well. Other than the aforementioned work,

DOPA was also polymerized on TiO,
microspheres/nanospheres,sg’ 2 ZnSn0O; nanocubes,73
Fe,03/Sn0O, hybrid nanofibers,”® ZnFe, 0,4 nanorods,””

Li3V,(PO4)3 particles,76 and silica nanoparticles via similar
routes to create C-PDA coating by carbonization.”” The C-PDA-
coated TiO, microspheres could be further converted to C-
PDA-coated  Li,TisO;, microspheres via hydrothermal
treatment in the presence of LiOH. It is worth noting that PDA
can also be coated onto metal oxide nanostructures by in-situ
polymerization of DOPA without using Tris as buffer. For
Example, J. Lee et al. reported that a C-PDA layer with
thickness of only 2-3 nm could be formed on LiFePO,
nanocrystals through aqueous polymerization route without
the use of buffering agent.78

Another class of C-PDA-based hybrid nanostructures that
are worth mentioning is magnetic mesoporous carbon, which
has found wide use in chemical removal and proteomic area.
Magnetic carbon is basically a composite with magnetic Fe;0,
embedded in C-PDA; therefore, it can be easily separated from
solutions or other solid mixtures by magnets. A few such
systems have been reported. G. Cheng et al. simply deposited
PDA layer onto Fe;O, microspheres and carbonized them to
get mesoporous hollow carbon microspheres embedded with
Fe30, nanoparticles.70 After the deposition and carbonization,
the Fe;0, microspheres de-aggregate into small nanoparticles,
leaving pores inside the carbon nanospheres and small Fe;0,
nanoparticles that attached onto the inner surface of carbon
(Fig. 7b; and b,). S. Wang et al. deposited C-PDA layer onto
Fe3;0,@CaCO; nanocomposite and then removed the CaCO; by
acid, forming Fe;0, nanoparticles fully embedded in C-PDA
Iayer,79 which were mesoporous and interconnected to one
other. S. Liu et al. obtained flowerlike magnetic mesoporous
carbon through multiple step:;,80 including silica layer
deposition onto Fe;0, nanospheres, Mg-Al LDH formation on
surface of Fe;0,@SiO,, C-PDA coating onto Fe;0,@SiO,@Mg-
Al LDH, and acid etching to remove LDH framework. Flowerlike
carbon shell with average mesopores of 3.8 nm was finally
formed and grafted perpendicularly onto the surface of
Fe3;0,@Si0, nanospheres. Recently, another method using

This journal is © The Royal Society of Chemistry 20xx
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Fig. 8 (a) Morphology of Si nanoparticles encapsulated in hollow C-PDA nanofibers
[reproduced from Ref.  with permission from The Royal Society of Chemistry], (b) a
schematic demonstration of framework of Si/C-PDA yolk-shell nanostructures. Both are

obtained through PDA coating, etching and carbonization [reprinted with permission

from ref. &

. Copyright (2012) American Chemical Society].

Fe(lll)-dopamine complexation-assisted one-pot synthesis was
presented to obtain Fe;0,/N/C hollow nanospheres using PDA
as carbon source,82 which will be elaborated in section 4.3 of
this review.

As presented in section 3.2, C-PDA hollow nanostructures
could be facilely prepared via coating PDA onto templates,
e.g., nanofibers, nanospheres, etc., followed by etching and/or
carbonization. Such hollow carbon nanostructures can be used
to host
nanostructures. For example, silicon (Si) is considered as one
of the most active anode compounds in rechargeable lithium
ion batteries (LIBs) due to its extremely high theoretical
capacity (> 4000 mA h g'l) and relatively low and stable
discharge/charge potential stage. Nevertheless, the ~ 400 %
volume expansion during lithiation/de-lithiation, as well as its
poor electrical conductivity, remains the main obstacle to good
performance. To address such issues, Kong et al. encapsulated
Si nanoparticles in C-PDA hollow nanofibers, the morphology
of which is shown in Fig. 8a, via electrospinning of
polyacrylonitrile (PAN)/Si solution followed by PDA coating,
etching in DMF, and carbonization at 700 °c.5  After
carbonization, the diameter of the hollow nanofibers is about
440 nm, and the thickness of the C-PDA shell is only 40 nm. Si
nanoparticles are well encapsulated in the hollow nanofibers.

inorganic components to create various hybrid

J. Name., 2013, 00, 1-3 | 7
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The C-PDA/Si hybrids with other structures were also reported
by other groups. Y. Cui et al. prepared a special Si-based yolk-
shell structure via depositing PDA layer onto Si/SiO, core/shell
nanospheres followed by carbonization and HF treatment. The
HF treatment etches SiO,, leading to Si yolk-carbon shell
nanocomposites with void in between.?" The carbon shell with
thickness of 5-10 nm is interconnected and forms a self-
supporting framework (Fig. 8b). As a similar work, D. Wang et
al. also applied C-PDA coating onto Si/SiO, core/shell
nanospheres via in-situ polymerization and removed SiO, layer
by HF et(:hing.83 The volume ratio of void/Si, which is
dependent on the thickness of SiO, shell, can be adjusted to
produce appropriate voids that are useful for accommodating
the volume expansion of Si during electrochemical procedure.
This yolk-shell nanostructure can also be formed with other
components, such as iron oxide@carbon yolk-shell
nanostructure and Au@C yolk-shell monodisperse spherical
nanocomposites,54’ 84 using similar route, i.e., silica coating
followed by PDA coating, carbonization, and silica etching. It is
also reported that paramecium-shaped a-MnO, hierarchical
hollow structure was prepared with the assistance of PDA
coating by Che’s group.85 In this case, Fe,0; spindle-like
templates were used to prepare hollow C-PDA shells first, and
flaky crystals of MnO, were then hydrothermally grown on the
hollow shells.

4.2 Post-introduction of inorganic components into C-PDA
nanostructures

An alternative to the route of PDA coating followed by
carbonization is to introduce inorganic components into/onto
PDA hosts followed by carbonization. For example, mixture of
Fe and Fes;C could be incorporated into C-PDA sub-micron
spheres via adding iron (ll) acetate (Fe(CH;COO),) into a water
suspension containing the PDA spheres followed by
centrifugation and heat treatment at 800 °c.>® Spherical
morphology is maintained after centrifugation, and Fe®' is
absorbed by the PDA spheres through interactions with
catechol and N-H groups. After carbonization, both micropores
and mesopores are introduced into the spheres while the salts
are converted to Fe@Fe;C particles that are embedded in the
graphitized C-PDA matrix. The abilities of PDA to adsorb
transitional metal ions and reduce some noble metal ions,
such as Ag",* Pt¥, Au®", also enabled surface decoration of
inorganic nanostructures on the C-PDA coatings. For instance,
Ag nanoparticles were used to decorate PDA-coated ZnO
nanorod arrays to introduce efficient plasmonic effect that is
beneficial to the photoelectrochemical process.86 Firstly, the
PDA layer was deposited onto ZnO nanorod arrays via normal
solution route to produce PDA-coated ZnO nanorod arrays,
which were then immersed into silver nitrite (AgNO3) aqueous
solution to reduce Ag* to Ag by PDA layer in order to attach it
onto the layer surface. Carbonization was finally applied to
convert PDA layer to a highly graphitized C-PDA layer with
intact Ag nanoparticle attachment covered by a thin C-PDA
layer, forming C-PDA-coated ZnO nanorod arrays with

8 | J. Name., 2012, 00, 1-3

Fig. 9 (a) SEM image of PDA-assisted Ag nanoparticles-decorated ZnO nanorod arrays,
(b) the HRTEM image showing the anchoring of Ag nanoparticles onto ZnO surface by
C-PDA layer [reproduced from Ref. & with permission from The Royal Society of
Chemistry].

decoration of Ag nanoparticles (Fig. 9a and b). Using similar
adsorption followed by reduction-cum-carbonization
approaches, Pt nanoparticles were also introduced onto PDA-
coated silica, PDA-coated carbon nanotubes, PDA-coated
carbon nanospheres, and PDA-coated carbon black via
injection of Pt precursors,77’ 8 and gold nanoparticles were
attached onto the surface of C-PDA hollow nanospheres.88
Another interesting route is that hollow/porous C-PDA
nanostructures could also act as nano-reactors for synthesis of
inorganic nanostructures. Our group recently introduced MoS,
nanosheets into C-PDA nanocups-on-microtubes.69 By
vertically immersing the free-standing mat of nanocups-on-
microtubes into aqueous solution of sodium molybdate
dehydrate (Na,Mo0,:2H,0) and thioacetamide (TAA), the
precursors were trapped in the nanocups. Hydrothermal
growth of MoS, nanosheets then occurs inside the nanocups
through putting the filled nanocups-on-microtubes in an
autoclave. Randomly oriented MoS, nanosheets are formed in
the nanocups, while the C-PDA morphology remains intact due
to the strong mechanical strength (Fig. 10a; and a,). Similarly,
via a solution route using ZnSO,-7H,0 and FeSO,7H,0 as
precursors, zinc iron oxide (ZnFe,0,) nanoneedles were grown
on the surface and inside the nanochannels of C-PDA
mesoporous nanofibers (Fig. 10b1~b4).68 The free-standing

This journal is © The Royal Society of Chemistry 20xx
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Fig. 10 (a; and a,) Morphologies of MoS, nanosheets grown within C-PDA nanocups
[reproduced from Ref. & with permission from The Royal Society of Chemistry]. (b;)
SEM images of ZnFe,0, nanoneedles grown on C-PDA porous nanofibers, (b,) the
surface region and (bzand b,) cross-sectional views of ZnFe,0, nanoneedles-on-C-PDA
porous nanofibers [reproduced from Ref. 8 with permission from The Royal Society of
Chemistry].

Fig. 11 (a) Proposed mussel adhesive metal-protein cross-link [reprinted with
permission from ref. “, Copyright 2003, John Wiley and Sons], (b) multiple bidentate
complexation of Fe® by DOPA ligands at different Fe** concentrations [reprinted with
permission from ref. o, Copyright (2010) National Academy of Sciences, USA], (c) the
pH-dependent stoichiometry of Fe*-catechol complexes [reprinted with permission
from ref. *®. Copyright (2011) National Academy of Sciences, USA].

mesoporous nanofibrous mat was soaked in ZnSO,-7H,0/
FeSO,-7H,0 solution for certain time to absorb precursors and
then suspended above the concentrated ammonium
hydroxide to convert the precursors into zinc complexes with
hydroxide or ammonia and Fe(OH)s. Finally, the intermediates
were annealed to form ZnFe,0, nanoneedles.

4.3 Transitional metal-mediated polymerization of dopamine for
in-situ formation of composite nanostructures

Transitional metal-mediated polymerization of DOPA is an
attractive one-pot approach for the synthesis of C-
PDA/inorganic composite nanostructures. The complexation
between catechol groups and transitional metal species has
been widely studied. So far DOPA has been reported to be able
to form complexes with metal species containing Fe(lll), Ni(ll),
Co(ll), zn(1), Mn(Il), Ca(ll), and Ti(1).**** 92 Thus, when
transition metal species are present in DOPA polymerization
systems, complexation of DOPA with transition metal species
and covalent polymerization of DOPA may occur
simultaneously, resulting in hybrid nanostructures with
uniformly embedded transition metal species, which can be
converted to C-PDA/metal or metal oxide composite
nanostructures by carbonization.

This journal is © The Royal Society of Chemistry 20xx

The complexes of Fe(lll) ions with DOPA are the most

intensively studied systems. In 2004, J. Wilker et al. proposed
that each Fe(lll) ion in the mussel plaques cross-links three
DOPA units, forming [Fe(DOPA);] structure (Fig. 11a).46 Such
complexation improves the hardness and extensibility of the
matrix.5% 993 9% | 2010, Waite et al. found that the bridging
effect of Fe>* in DOPA is reversible in water and concentration
dependent.91 At low Fe** concentration of 10 UM, tris-complex
forms; whereas, when the concentration increases to 100 uM,
the tris-complex collapses into monocatecholato-iron structure
(Fig. 11b). In the following year, the same group further
studied the effect of pH on the catechol-Fe** interpolymer
cross-linking,48 and verified that the complexation between
Fe* groups is pH-controlled. At acidic
environments with pH < 5.6, the complex is mono-specie, i.e.,
[Fe(DOPA)]; whereas, when the pH falls between 5.6 and 9.1, a
bi-complex with [Fe(DOPA),] structure forms; lastly, at base
environments with pH > 9.1, the complex is re-structured into
tris-one (Fig. 11c).
The ability of Fe(lll) ions to form complexes with DOPA
provided a facile one-pot route to introduce Fe species into C-
PDA matrix. For instance, to create an efficient ORR catalyst,
PDA layer was coated onto silica nanospherical template in the
presence of FeCl; resulting in a hybrid shell composted of
complex of PDOPA and Fe(lll) species. After carbonization at
750 °C and subsequent etching out silica in KOH (3.0 M),
hollow composite nanospheres composed of highly graphitized
C-PDA (about 120 nm in diameter) embedded with well-
dispersed Fe;0, nanoparticles were obtained (Fig. 12a; and
az).82 The wall thickness, Fe loading, and nanoparticles size
could be well controlled, resulting in optimized composite
hollow nanospheres with 10 nm for wall thickness, 10.6 at%
for Fe atomic content and 9 nm for Fe;0, nanoparticle size,
which possesses large specific surface of 736 m? g_1 and pore
size of mainly 2 —9 nm.

and catechol

J. Name., 2013, 00, 1-3 | 9
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Fig. 12 Morphologies of (a; and a,) highly graphitized C-PDA hollow nanospheres
embedded with well-dispersed Fe3O, nanoparticles [reproduced from Ref. 8 with
permission from The Royal Society of Chemistry] and (b; and b,) Ni@C-PDA hybrids
[reprinted with permission from ref. ?, Copyright 2014, John Wiley and Sons].

Although some transition metal ions do not form complex
with DOPA, the polymerization of DOPA may still be mediated
by the addition of transitional metal species.43 For example,the
kinetics for the formation of solid DOPA “polymerization”
products is significantly affected by the addition of transition
metal species. It was found that Ni(ll) species does not form
complex with DOPA monomer and its presence in DOPA
polymerization system does not affect the polymerization rate
in the first few hours, whereas it later accelerates the rate of
the formation of solid polymerization product. This indicates
that Ni(ll) species may interact with DOPA oligomers rather
than monomers, forming Ni(ll)-PDA complex. Normally, the
one-pot synthesis process is carried out by adding metal salts
into DOPA aqueous solution with controlled molar ratio of
metal ions to DOPA followed by adding Tris buffer to trigger
the polymerization. The results reported by Yang et. al show
that transition metal species, such as Ni(ll), Co(ll), and Mn(ll)
species, could indeed be incorporated into the formed PDA in
quantity via this facile one-pot route. The hybrids could be in
the form of powders or be coated on organic or inorganic
nanostructures, for instance, graphene. The metal species are
distributed homogeneously in the PDA matrix. After
carbonization at 800 °C, heterogeneous nanostructure forms.
A large number of metal or metal oxide nanoparticles, for
example, metallic Ni, Co and MnO, are uniformly embedded in
the highly graphitized porous carbon (Fig. 12b; and b,). These
composite nanostructures could be used in various areas, such
as catalysis and energy storage.

The one-pot approach has also been applied to introduce
binary metal oxide nanoparticles into C-PDA. For example, for
the electrochemical application as anode of LIBs, binary metal
alloy nanoparticles, zinc ferrite (ZnFe,0,), were introduced

10 | J. Name., 2012, 00, 1-3
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Fig. 13 (a; and a,) Morphologies of ZnFe,0,@C-PDA nanospheres [reproduced from
Ref. ® with permission from The Royal Society of Chemistry]. (b) TEM image of DOPA-
Mo(VI) complex, (c; and c;) morphologies of crumpled MoS; nanoplates with C-PDA
layer sandwiched in between [reproduced from Ref.® with permission from The Royal
Society of Chemistry].

into C-PDA nanospheres using zinc chloride (ZnCl,) and iron
chloride tetrahydrate (FeCl,-4H,0) as precursors.95 It was
shown that zn®*, unlike Fe®', does not form complex with
DOPA but instead forms Zinc hydroxide, which may interact
with the amine ligands. Therefore, both zn®* and Fe are
successfully incorporated into PDA during the polymerization.
The annealing at 600 °C in argon converts Zn- and Fe-based
species into ZnFe,04 nanoparticles. The nanoparticles are well
distributed and embedded in the graphitic C-PDA nanospheres
(Fig. 13a; and a,). Single-layer MoS,-carbon nanocomposites
were also prepared with the assistance of DOPA-Mo(VI)
complexation.96 By simply mixing DOPA and sodium molybdate
(Na,Mo0,), DOPA-Mo(VI) complex forms, which exhibits sea-
island morphology with evenly distributed Mo-rich islands in
the sea of a wrinkled layer structure composed of DOPA
oligomers (Fig. 13b). The following hydrothermal treatment in
the presence of thioacetamide (TAA) at 200 °C produces MoS,
and partially carbonizes PDA. Further annealing at 700 °C in
argon environment leads to crumpled MoS, nanoplates
containing 3-5 disordered MoS, layers with carbon layer
sandwiched in between, due to the maintaining of the pre-
formed DOPA-Mo(VI) complex after the treatment (Fig. 13c;
and c,).

Besides the complexation-based route, the
reduction capability of catechol moiety on noble metal ions,
such as Au®* and Ag’, offers another in-situ way to form

in-situ

This journal is © The Royal Society of Chemistry 20xx
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nanocomposites that show promising catalytic properties. It
has been reported that in the presence of Ag’, the catechol
groups oxidize through reducing Ag* into metallic Ag, and then
polymerize with amines to form pDA." Similarly, simultaneous
reduction of HAuCl, and polymerization of DOPA occurs when
HAuCl, is added into DOPA alkaline solution (pH = 9), forming
Au/PDA nanoparticles.42 After carbonization at 500 °C in argon,
Au/C-PDA composites with Au nanoparticles embedded in C-
PDA particles were obtained.

5. Applications of (C-PDA) and C-PDA-based
composite nanostructures

5.1 Applications in energy storage and harvest

a) As anodes of lithium-ion batteries (LIBs). To date, graphite
is the only major commercial anode material for LIBs. It has
been reported that lithium ions are intercalated into graphite
through staging phenomenon, i.e., the formation of LiCg
intercalates (Stage 1), which has the most significant
contribution to lithium ion storage, is accompanied by the
occurrence of stage Il (forming LiC;,), stage Ill (forming LiCyg),
and stage IV reactions.”’® For partially graphitized carbon,
the crystallinity, porosity, doping of heteroatoms (N, B, etc.) as
well as the surface functional groups play crucial roles in
determining the lithium intercalation mechanism and the
electrochemical performance.101 Indeed, C-PDA
nanostructures are found to be capable of alloying with lithium
ions through different mechanisms. The substantial amount of
pyridinic and pyrrolic N in C-PDA as well as the N-doping-
induced structural disorder and defects enhance its capability
of alloying/de-alloying with lithium ions. As a result, the
lithiation/de-lithiation behavior of C-PDA is mainly metallic
lithium plating,wz'104 rather than the standard stage |
alloying/de-alloying processes that normally occur in graphite.
C-PDA hollow nanofibers, mesoporous nanofibers, and
nanocups-on-microtubes have been explored as LIB anode
materials. The reversible capacities of C-PDA hollow
nanofibers, mesoporous nanofibers, and nanocups-on-
microtubes at current rate of 100 mA g'1 are around 440, 480,
and 550 mA h g"l, respectively,sl‘ 88 89 Wwhich are higher than
the theoretical capacity of graphite, 372 mA h g'l. Since these
C-PDA nanostructures have similar microstructures (like that of
N-doped multilayer graphite), their different specific surface
areas caused by their different morphologies should be the
major reason for the variation in capacity.
C-PDA-based nanocomposites with
structures/morphologies can be prepared through different
routes, as discussed in the previous section, and are promising
anode candidates for LIBs. In these nanocomposites, the C-
PDA thin coatings on various anode materials can act as
electrically conductive protection layers. They buffer the
volume change of the anode materials during lithiation/de-
lithiation, conduct charges, as well as ensure structural
stability. As an example, the interconnected C-PDA-coated

varied
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Fig. 14 (a) Cycling performance of interconnected Si/carbon yolk/shell nanocomposites
[reprinted with permission from ref. 8 Copyright (2012) American Chemical Society].
(b1) Cycling and (b,) rate performance of Si nanoparticles encapsulated in C-PDA hollow

nanofibers [reproduced from Ref. ' with permission from The Royal Society of

Chemistry].

Sn0O, nanoclusters with SnO, content of around 80 wt% could
deliver stable reversible capacity of about 700 mA h g‘1 at
current rate of 100 mA g‘l, realizing as high as 98 % of the
theoretical capacity of the hybrid.28 This is much higher than
that of pristine SnO, nanoparticles without the C-PDA coating.
Other than enhancing charge transport and buffering the
volume change, the C-PDA coating on SnO, nanoparticles also
prevents the re-aggregation of SnO, nanoparticles during
lithiation/de-lithiation, improving cycle life of the anode. Other
reported C-PDA-based nanocomposite LIB anode systems
include C-PDA-coated microspheres of LisTisO;; aggregates,58
C-PDA-coated TiO, nanospheres,72 ZnSn0; nanocubes,73 C-
PDA-coated Fe;0,/Sn0O, hybrid nanofibers,”* and C-PDA-coated
ZnFe,0, nanorods.”” In most cases of direct coating on
inorganic nanostructures, the contact between C-PDA layer
and active materials is fairly compact, and a coating thickness
of around 10 nm or less is adequate for effectively protecting
the anode materials and at the same time ensuring good
charge conduction.

In comparison with the direct coating method, the post-
introduction of electrochemically active materials into C-PDA
matrix and the etching approach (forming yolk-shell structure)
give rise to weaker interactions between the two components.
When C-PDA nanostructures are used as host/support to
the of active components,
voids/pores are normally formed at interfaces. Compared to
the compact interface provided by the direct coating method,
these interfacial voids/pores offer much reduced resistance to
the diffusion of electrolyte and lithium ions, as well as extra
spaces for accommodating the volume expansion of the active
components. To demonstrate these functions, a few examples
are elaborated below. Y. Cui et al. reported that with Si
content of about 71 wt%, the interconnected Si/C-PDA
yolk/shell nanocomposites could deliver a stable capacity of
about 1500 mA h g’ at current rate of 1C (Fig. 14a) with

facilitate in-situ  formation
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capacity retention of 74 % after 1000 cycles.81 It was also
claimed that with void/Si volume ratio of about 3, the
nanocomposites could achieve the best electrochemical
performance due to the most effective accommodation as
illustrated schematically in inset of Fig. 1428 Kong et al.
encapsulated Si nanoparticles with average size of around 50
nm in C-PDA hollow nanofibers and studied the
electrochemical performance of the hybrids as LIB anodes.®
With Si content of 47.9 wt%, reversible capacity of about 1600
mA h g'1 at 100 mA g"1 was achieved, and the capacity
remained as high as 500 and 300 mA h g'l, respectively, at 5
and 10 A g'1 (Fig. 14b, and b,). The reversible capacity is about
72.6 % of the theoretical capacity of the hybrid. During
discharge/charge processes, the hollow nature of the C-PDA
nanofibers ensures enough space for lithium insertion and
electrolyte transport. Furthermore, the C-PDA functions as
charge conductor and electrochemically active phase that
contributes to the overall performance. Similar functions of C-
PDA also helped to boost the performance of other C-PDA-
based nanocomposite anodes, despite that the contact
between the active component and C-PDA may vary owing to
their different preparation routes. For instance, MoS,
nanosheets were hydrothermally synthesized in C-PDA
nanocups.69 Considering the MoS, content of 46 wt%, the
normalized capacity of MoS, nanosheets in such nanostructure
is as high as 1524 mA h g'l, indicating high utilization of activity
of MoS, with possible extra lithium adsorption at the
interfaces of C-S-Mo. Recently, the growth of ZnFe,0,
nanoneedles on the outer and inner surface of the C-PDA
mesoporous nanofibers was also reported.68 The ZnFe,0,
activity is also highly utilized, indicating its significant
contribution to the overall capacity of the anode.

The one-pot construction of C-PDA/metal (or metal oxide)
hybrid nanostructures through complexation, as discussed in
Section 4.3, is a more facile route to prepare C-PDA-based
nanocomposite anodes. For example, the complexation of
DOPA and Mo"' followed by hydrothermal treatment leads to
single-layer MoS,-N-doped carbon sandwich-like
nanocomposites. With MoS, content of 76 wt%, the
nanocomposites possess a stable capacity of 500 mA h g'1 for
more than 800 cycles at 1.0 A g'l.96 Resulting from
complexation/interaction of DOPA with Fe and Zn species,
ZnFe,0, nanoparticles were introduced into C-PDA
nanospheres.95 The nanocomposites deliver stable capacity of
914/895 mA h g"1 at current rate of 0.1 A g'l, and 409/323 mA
h g'1 at 5.0/10.0 A g'l, respectively. The one-pot route is
simpler than other routes for incorporation of active inorganic
components into C-PDA. The incorporated components can be
more uniformly distributed in the C-PDA matrix for enlarging
the contact area and enhancing the protection function.
Nevertheless, the complexation is restricted to certain species,
and the composition is determined by the coordination
chemistry rather than the feed ratio. Clarification of the
complexation mechanisms is necessary to fully utilize the
potential of this simple approach.

b) As cathodes of lithium-ion batteries. Thin C-PDA layers
could also be created on LIB cathode materials, such as
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Fig. 15 (a) Rate performance and (b) cyclability of graphitic carbon-tipped manganese
oxide/mesoporous carbon/manganese oxide hybrid nanowires. (c) The schematic
illustration of the nanohybrid, showing the functions of each segment [reproduced
from Ref. "* with permission from The Royal Society of Chemistry].

LiFePO, nanocrystals and Li;V,(PO,); nanoparticles. Similar to
that in anodes, the C-PDA functions as structural stabilizing
layer as well as charge conductor. As a cathode, the C-PDA-
coated LiFePO, nanocrystals exhibit high rate capacity with
excellent cyclability (143 mA h g™ at current density of 1.7 A g’
1).78 The C-PDA-coated Li;V,(PO,); nanoparticles with coating
thickness of 7 nm deliver specific capacity of 109 mA h g'1 at
current density of 1 C with capacity loss of only 4.6 % after 100
cycles, as well as high rate capacity of 74 mA h g‘1 at high
current density of 10 C.

c) As electrodes of supercapacitors. Another popular energy
storage devices are supercapacitors. The most significant
advantages of such devices are super-fast charge/discharge
speed and excellent cyclability. So far, many materials have
been attempted as electrode of supercapacitors,los'107 and C-
PDA, which has been intensively investigated, is one of them.
Well-ordered N-doped nanoporous C-PDA framework was
prepared using DOPA as the starting material and used as
supercapacitor electrodes.®® The framework exhibits high
capacitance (538 F g* and 358 F g™ at sweep rates of 5 mV s™
and 50 mV s, respectively) and good cycling stability (93 %
capacitance retention at 3 A g‘1 after 5000 cycles). In addition
to the large surface area of the framework that offers
abundant reaction sites, the doping of appropriate nitrogen
functional groups significantly improves the electrochemical
capacitive behaviour by providing huge pseudocapacitance via
pseudo-capacitive redox reactions.

C-PDA-based nanocomposites have also been studied as
electrodes of supercapacitors. In these systems, C-PDA acts as
both charge conductor and capacitance contributor. C. Li et al.
prepared graphitic carbon-tipped manganese
oxide/mesoporous carbon/manganese oxide hybrid nanowires
and studied their electrochemical property as electrode of
supercapacitors.71 The hybrid nanowires with optimized
carbon layer deliver specific capacitance of 226 F g'1 at a scan
rate of 10 mV s™ and 266 F g™ at a current density of 1 A g™
The capacitance is still as high as 150 F g'l at a higher current
density of 60 A g™ (Fig. 15a). High energy density of 26.9 W h
kg‘1 at a power density of 10 kW kg‘l, as well as excellent
cyclability, was achieved (Fig. 15b). This is due to the
nanocomposites taking full advantage of both the electrical

This journal is © The Royal Society of Chemistry 20xx
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double layer capacitance from the carbon layer and the
pseudocapacitance from the MnO, embedded inside. The
excellent electrical conduction from carbon layer, the porous
nature of the nanocomposites that facilitates solution
infiltration and ions transport, and the graphitic carbon on the
tip of the nanowires that prompts the rate capacity were
believed to contribute to the excellent electrochemical
performance, as shown schematically in Fig. 15c. Another
MnO,/C-PDA  nanostructure, paramecium-like  a-MnO,
hierarchical hollow structure, was also wused as a
electrochemical capacitor.85 The specific capacitance was
5543 F g"1 and 379 F g"1 at current rates of 1 A g"1 and 5 A g'l,
respectively. The structure also possessed good cyclability with
capacitance retention of 97.9 % for 5000 cycles at 1 A g'l.

d) As transparent conductive electrodes
photoelectrochemical electrodes. The rising
flexible devices, such as touch screens and displays, solar cells,
organic light-emitting diodes and sensors, demand the
invention of advanced flexible transparent and conductive
films.’® ' For these applications, the film is required to be
highly electrically conductive, mechanically strong with
controllable thickness, cost effective, easy to prepare with
scalability, and transparent for some applications. Compared
with other counterparts, such as indium tin oxide, metal
nanowires, CNTs, and graphene, DOPA-derived carbon thin
film features in all the above requirements. This is due to its
mild preparation condition, strong affinity to solid surfaces to
form coating with adjustable thickness, and its layered
structure. C-PDA thin films have been used as source-drain

and
interests on

electrodes and flexible photodetectors.60 For source-drain
electrodes, the semiconducting polymer CDT-BTZ-C16 was
drop-cast onto the C-PDA thin film-on-SiO,/Si pattern
electrodes. A high hole mobility of 0.8 em® v st was
achieved, 8 times higher than that of gold-based source-drain
electrodes due to the decreased charge injection barrier of C-
PDA-based electrodes compared with that of gold-based
electrodes. For flexible photodetectors, C-PDA thin film was
patterned to polyethylene terephthalate (PET) or PDMS
substrate. The optical transmittance ranged from 92.8 to 53.5
% depending on the film thickness. A mixture of poly(3-
hexylthiophene) (P3HT) and phenyl-C61-butyric acid
methylester (PCBM) was then spin-coated onto the above C-
PDA thin film-on-PET (or PDMS) electrodes (Fig. 16a;~aj3).
Linear current-voltage (I-V) behavior was observed, and the
current increased markedly upon the light irradiation with
power of about 20 mW cm™ (Fig. 16b). The bending and even
rolling of the flexible electrodes still delivered similar I-V
behavior (Fig. 16c).

Due to the reduction and anchor capability of PDA, C-PDA
thin film was also used to assist the decoration of ZnO nanorod
arrays with Ag nanoparticles photoelectrochemical
application.86 Compared with pristine ZnO nanorods, the light
absorption was significantly enhanced for the C-PDA assisted
Ag-decorated ZnO. The enhancement is due to the localized
plasmonic effect from the small Ag nanoparticles as well as the
extra visible light absorption from the C-PDA layer. As the
photoanode, the short circuit current density, maximum photo

for
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Fig. 16 (a;-a3) Flexible photodetector on PET substrate with C-PDA thin film as the
electrode, (b) I-V characteristics of the photodetector and (c) the on/off characteristics
of the photodetector in the flat and bent states [reprinted with permission from ref. &0,
Copyright 2013, John Wiley and Sons].

current conversion efficiency, and lifetime are 1.8 mA cm'z, 3.9
%, and 3.07 mA cm? at 500 seconds, respectively. These are
higher than those of pristine ZnO nanorods and other
reportedAg-ZnO-based photoanodes due to the enhanced light
harvesting, the facilitated charge transport, and electron-hole
recombination inhibition from the integrated effect of Ag
nanoparticles and electrically conductive C-PDA thin layer.

5.2 Applications in catalysis

The oxygen reduction reaction (ORR) is a very important
process for energy conversion and storage devices, such as
fuel cells and lithium air batteries. Catalysts are critically
required to initiate and hold the reaction which is naturally
sluggish. Many carbonaceous materials, such as mesoporous
carbon,110 graphitic (:arbon,111 and N-doped CNTs,112 have
been studied as catalysts for ORR. C-PDA nanostructures have
recently been reported as a promising candidate. Besides the
mild preparation condition, as well as the facile control of the
morphology, the graphitic structure ensures high electrical
conductivity, and the inherent N doping (pyridinic N and
graphitic N) enhances the electrochemical activity. It has been
reported that the graphitic N increases the limiting current
density and the pyridinic N improves the onset potential in the
case of ORR.™® Pure C-PDA sub-micrometer spheres (SMS)
were prepared by K. Ai, et al. and used as electrode directly
without any pre-treatment. Compared with traditional
phenol/formaldehyde resin (PFR) SMS, the C-PDA spheres
possess more positive cathodic ORR peak and onset potential,
-0.218 V and -0.1 V, respectively, indicating an enhanced
catalytic activity (Fig. 17a; and az).59 . As a follow-up work, X.
Yang et al. investigated the ORR property of PDA-derived
micro/mesoporous  nitrogen-doped carbon multilayer
assemblies. The product prepared at temperature of 600 °C
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Fig. 17 (a;) CV plots and (a,) polarization curves of C-PDA and PFR-derived carbon SMS,
(b;) CV plots and (b) polarization curves of Fe@FesC/C-N and the commercial 20 wt%
Pt/C. [reprinted with permission from ref. 2, Copyright 2012, John Wiley and Sons.]

exhibits superior electrocatalytic activity, in terms of onset
potential (+0.92 V vs. RHE), number of electron transferred,
the current density (10.54 mA cm? at +0.57 V vs. RHE), and
stability, to other reference carbon materials.®® Furthermore,
nitrogen- and boron-co-doped core-shell carbon nanoparticles
were prepared from PDA by J. Ahmed et al. and used as metal-
free catalysts for ORR in microbial fuel cells. The co-existence
of nitrogen and boron dopants creates an oxygen adsorption
mechanism and a four-electron-dominated reaction pathway
for the as-prepared catalyst, leading to reduced over-potential
and increased current density. The microbial fuel cells showed

a maximum power density of ~642 mW m2.%
Pt and carbon-supported Pt-based hybrids are
114, 115

conventional electrocatalytic candidates. Using DOPA at
starting material, Pt@C-PDA®@silica hybrids were used as
anode catalyst of polymer electrolyte membrane fuel cells
(PEMFCs). In such hybrids, the N-doped carbon offers excellent
electrical conduction. The electrocatalytic activity of Pt can
thus be maximized by the accommodation function of silica to
water molecules, as well as the electrical conduction of C-PDA,
resulting in a high power density of 0.55 W cm‘z,77
higher than that of commercial Pt-based PEMFCs.
As ORR catalyst, Pt-based catalysts suffer from high cost,
scarcity, methanol crossover effect and poor durability. C-PDA-
supported nonprecious metals offer a promising alternative.
Besides the high electrical conductivity and good catalytic
activity of C-PDA itself, the catechol and N-H groups in
DOPA/PDA offer the opportunity to synergistically incorporate
other active components facilely. K. Ai et al. investigated the
ORR catalytic activity of Fe@Fe;C-loaded N-doped C-PDA SMS
(Fe@Fe3C/C-N) in O,-saturated 0.1 M KOH. The catalytic
activity was further enhanced compared with pure C-PDA SMS
(Fig. 17b), which is indicated by the more positive cathodic
ORR peak and onset potential, 0.128 Vand 0V, respectively.59
Through complexation route, our group formulated a one-pot
approach to Fe;0,/C-PDA hollow nanospheres. The results
show that these hollow nanospheres exhibit high onset and

which is
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half-wave potentials, high current density, high selectivity for
four-electron transfer pathway, superior electrocatalytic
durability, and methanol tolerance compared with commercial
Pt/C catalysts.82 This is due to the high content of pyridinic and
graphitic N, the graphitized C-PDA shell, the high surface area
and existence of pores in C-PDA, and the synergistic effect of
doped N and Fe3;0, nanoparticles.

Owing to its graphitic structure, as well as significant
amount of pyridinic N and graphitic N, C-PDA also possesses
chemical catalytic activity. The N-doped porous carbon
obtained from PDA and nano-CaCOj;as source and template,
respectively, was used as an electrocatalyst towards reduction
of nitrobenzene and oxidation of hydrazine (N2H4).65 The
porous carbon exhibits high peak current of -191 pA and low
over-potential of -0.62 V due to the high specific surface area
and large amount of doped nitrogen. In the reduction of N,H,,
the oxidation peak current of above 200 pA and over-potential
of 0.41 V were achieved. The Au@C yolk-shell monodisperse
spherical nanocomposites were used as a catalyst for the
reduction of 4-nitrophenol by NaBH, to 4-aminopheno|.54
UV/Vis spectra show that with the presence of An@C spheres,
the reduction occurs quickly, showing their great potential as
stable and highly active nanocatalysts. Another Au/C-PDA
composite fully reduces 4-nitrophenol into 4-aminophenol
within 4 min,* which indicates its higher catalytic activity than
pure Au nanoparticles. By transitional metal-mediated
polymerization of dopamine and subsequent annealing, Ni/C-
PDA was formed on graphene and used as catalyst to reduce
p-nitrophenol in p-aminophenol.43 Owing to the unique
structure, including large specific area, mesopores, high Ni
content, and efficient interaction between Ni and carbon, the
reduction can be finished within 80 min with the catalytic
assistance of Ni/C-PDA/graphene hybrid. The catalytic activity
could remain after eight cycles, showing the good stability.

5.3 Applications in sensing

The sensitivity of electronic properties of carbon materials to
the surrounding gases or liquids, for instance, the change of
resistance upon adsorption or desorption, renders C-PDA
nanostructures promising candidates for sensors. PDA-derived
hollow nitrogen-doped carbon microspheres (HNCMS) were
used to electrochemically determine uric acid (UA), dopamine
(DOPA), and ascorbic acid (AA) simultaneously.55 The working
electrode was prepared through casting HNCMS suspension
onto surface of glassy carbon (GC) electrode followed by
drying. It was claimed that the catalytic activities towards the
oxidation of UA, AA, and DA were improved at the HNCMS/GC
electrode. The simultaneous determination of UA, AA, and DA
from HNCMS/GC electrode is more effective than that from
CNTs/GC electrode due to the larger separation of the
oxidation peak potentials of UA, AA, and DA. Hydrothermally
prepared C-PDA dots were also used as sensing platform for
turn-off detection of Fe**.%? The capability is due to the fact
that the hydroquinone units on the surface of the carbon dots
can be oxidized by Fe*' to form quinine species, leading to the

This journal is © The Royal Society of Chemistry 20xx
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quenching of the fluorescence of the carbon dots. The formed
carbon dots/Fe*" system is further employed to probe DOPA
since the fluorescence of the carbon dots can be re-activated
by adding DOPA to the system. High sensitivity, with detection
limit of 0.32 uM and 68 nM for Fe*" and DOPA, respectively,
and good selectivity were achieved for the detection.

The introduction of hetero-elements alters the electronic
and chemical properties of C-PDA-based hybrids, which brings
new features to the system for sensing the targets.
Cyclodextrins (CD) were introduced into Au@C-PDA hollow
nanospheres based on the formation of Au-S bond. The high
host-guest recognition and water-solubility of CD synergize
with excellent electrochemical properties and large surface
area of C-PDA, as well as excellent electrocatalytic activity of
Au, bringing good electrochemical sensing capability. The
hybrid was applied in the simultaneous electrochemical
sensing of  o-dihydroxybenzene (o-DHB) and p-
dihydroxybenene (p-DHB).88 Low detection limits, 0.01 and
0.02 uM for o-DHB and p-DHB, respectively, were achieved
with high selectivity, good reproducibility, and good stability.

5.4 Applications as adsorbents

Besides the aforementioned application areas, C-PDA and its
hybrids also show good performance in some other areas.
Magnetic C-PDA particles were used to capture peptides and
remove 2, 4, 6-trichlorophenol (TCP). The unique hydrophobic
interactions between microspheres and peptides allow rapid
capture of low-abundant peptides from complex biological
samples. The captured peptides can be easily separated from
the solution using a magnet due to the magnetic feature of the
microspheres. The great potential of such microspheres in
extraction and enrichment of peptides from complex biological
samples was demonstrated.”® Magnetic mesoporous carbon
and flowerlike magnetic mesoporous carbon were used to
remove TCP from an aqueous solution. The large surface area
of the mesoporous carbon, about 220 m? g'l, offers a large
amount of adsorption sites for TCP, for instance, the
adsorption capacities are as high as 117 and 610 mg g"1 for the
TCP initial concentration of 10 and 100 mg LY respectively.79
Similarly for the flowerlike carbon, the equilibrium adsorption
capacity is 210 mg g"1 at initial TCP concentration of 20 mg Lt
and increases to 587 mg g'1 at 100 mg L2 The adsorption is
dependent on the solution pH, ionic strength, the
temperature, and initial concentration of TCP.

6. Concluding remarks and outlook

PDA is a unique functional material that has many advantages
as carbon source, including its mild preparation condition, its
strong affinity to virtually any solid surface, the ease of
controlling the coating thickness, its abundant functional
groups that allow diverse secondary functionalization, and its
abilities to complex with various transition metal species and
simultaneously reduce some of these metal species. The
conversion of PDA to carbon via straightforward heat

This journal is © The Royal Society of Chemistry 20xx
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treatment in inert environment came into sight only five years
ago; however, such simple conversion has brought many
benefits. Firstly, the carbon yield is as high as ~60 wt%, and the
resultant C-PDA has graphite-like layered structures and is
intrinsically doped with pyridinic and graphitic N. The doped N
induces defects and structural disorder that in general favours
electrochemical process. Secondly, C-PDA is highly electrically
conductive; its conductivity is comparable to that of multilayer
graphene. This ensures its function as a conductive agent.
Thirdly, utilizing the strong affinity of PDA, C-PDA coating can
be easily created on active materials to provide protection and
electrical conduction. C-PDA nanostructures could be obtained
in template-free environment or upon coating onto the
templates. Pre-/post-incorporation of other materials into C-
PDA nanostructures is also feasible. Moreover, the
complexation between transition metal species and the
catechol groups in DOPA offers a facile one-pot solution to
form C-PDA/metal (or metal oxides) nanocomposites. The C-
PDA-based nanocomposites obtained using these routes have
been explored for various applications, such as energy
storage/conversion, sensing, catalysis, water treatment, etc.,
and shown promising properties.

Considering the rising demands
functional nanocomposites, the potential of this unique carbon
source is worthy of being further explored. At present, the
complexation capability of dopamine has not been widely
utilized for one-pot fabrication of C-PDA/transitional metal (or
metal oxide) nanocomposites because the complexation
mechanisms have not been clarified; the mechanism actually
may differ from one type of transition metal species to
another. This is an interesting subject for further investigation,
which may lead to new routes for facile fabrication of novel
functional nanocomposites. In addition, so far, the formation
of C-PDA-based nanocomposites is mainly by carbonization of
PDA on surface of inorganic nanostructures or
incorporation/in-situ formation of inorganic nanostructures in
porous/hollow C-PDA structures. A recent research shows that
dopamine can also be intercalated into two-dimensional (2D)
nanosheets, such as MoS,, and thermally converted to N-
doped graphene-like nanosheets in a confined interlayer
space.96 This strategy may be further extended to utilize
dopamine to create Van de Waals heterostructures composed
of alternately arranged highly conductive N-doped graphene-
like layer and other types of 2D nanomaterials, which may
exhibit fascinating properties for many functional applications.
Despite the promising applications of C-PDA in various fields,
challenges The major challenge is that the
polymerization mechanism of dopamine and chemical
structure of PDA have not yet been fully clarified. In addition,
the structure and properties of C-PDA are highly dependent on
its preparation conditions, such as the polymerization methods
and conditions used, which affect the PDA structure and
morphology, as well as annealing conditions. Thus, to establish
a clear guideline for rational design of C-PDA-based
nanostructures for targeted applications, more efforts have to
be spent on understanding of dopamine polymerization and
PDA carbonization processes.

for carbon-based

remain.
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