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Anisotropic polydopamine capsules with an
ellipsoidal shape that can tolerate harsh conditions:
efficient adsorbents for organic dyes and
precursors for ellipsoidal hollow carbon particlesy
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Polymeric capsules often buckle, collapse or even break when being processed in the dried state into other
materials under high temperature and pressure due to moderate mechanical rigidity. In the case of non-
spherical capsules, to keep their precious anisotropic morphology intact under harsh conditions is even
more challenging since the whole surface of such kinds of capsules does not experience the same stress
or strain due to the different surface curvatures. In the current work, we reported a strategy to prepare
polydopamine (PDA) capsules with an ellipsoidal shape and enhanced mechanical rigidity using
polystyrene ellipsoids as the sacrificial anisotropic templates. Bio-inspired oxidation induced self-
polymerization of dopamine can form conformal PDA coatings on polystyrene ellipsoids of various
aspect ratios and sizes. Several strategies have been exploited to increase the thickness of the PDA shell,
among which, iterating PDA coating produces ellipsoidal PDA capsules with a thick and robust shell.

These ellipsoidal PDA capsules can survive carbonization at temperatures as high as 800 °C and were
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Accepted 12th April 2017 directly turned into N-doped carbon capsules with a well-defined ellipsoidal shape, excluding the
necessity of removing the sacrificial templates after carbonation. Furthermore, the rigid PDA ellipsoidal
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capsules are efficient adsorbents for organic dyes in contaminated water and have impressive adsorption
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1. Introduction

Inspired by the key biomaterial that is responsive for mussels’
amazing capability of adhering to any surface, polydopamine
(PDA) derived from oxidation induced self-polymerization of
dopamine under basic pH conditions has recently become
popular due to its many potential applications."” PDA can coat
the surface of many inorganic, organic and biological materials
of various dimensions, offering a convenient means for surface
modifications.' The morphology of a new material is one of the
critical material parameters that determines its end applica-
tions. In this regard, capsules of PDA at a nano or micro scale
have also attracted wide interest with the hope to extend this
material into such diverse fields as drug delivery, catalysis,
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energy, etc.>” PDA and other polymeric capsules are mainly
prepared based on templates of soft or hard particles, followed
by multi-step etching under harsh conditions.>**** It is noted
that most of PDA capsules prepared so far have a spherical
shape,*”"* while non-spherical ones may have additional
advantages in cargo loading, cell uptake and enhanced packing
efficiency in energetic materials.”*** However, preparation of
non-spherical polymeric capsules is generally challenging.'®"”
First of all, it is difficult to form a uniform and conformal
coating around the non-spherical particulate templates that
have surfaces with varied curvatures.'®*®'° Furthermore, the
non-spherical shape of the capsules often lose after removing
the templates due to high residual stresses or osmotic pres-
sures.'®'® In terms of such challenges, PDA coating is valuable
due to its capability to form a conformal coating layer on
particulate templates with any kinds of shapes.>**** Even so,
PDA capsules with an anisotropic shape have barely been
reported.*®

Besides the shape of the polymeric capsules, the rigidity or
mechanical stability, especially, the ability to keep the shape
intact under some extreme conditions is one of the key traits of
hollow capsules for many practical applications.”® When sus-
pended in solvent, polymeric capsules can keep its original

This journal is © The Royal Society of Chemistry 2017
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morphology in most of cases. However, many capsules will
buckle, collapse or even break when being subjected to drying,
high vacuum as in the case of electronic microscope or experi-
encing external forces such as exerted by the cantilever of
AFM.*67:9102225 Fyrthermore, polymeric capsules often need to
be processed into other materials in the dried state and under
high temperature and pressure.'>>**” Keeping the intactness of
their precious capsule-like shape is demanding during such
stringent processes since the loss of the shape unavoidably
devalues the advantages brought by the hollow cavity, and high
specific surface area. For instance, highly charged spherical
polystyrene capsules were dried into three dimensional
colloidal crystals that can be used as photonic crystals for
chemical sensing by the change of the structure color.”®
However, buckling of the polystyrene capsules inside the dried
crystals introduced defects and inhomogeneities that severely
decrease the quality of the photonic crystals. In self-healing
polymers realized by capsule based strategies, breaking of the
capsules at high processing temperature (>100 °C) can cause
premature leaking of the core to the host matrix, leading to
reduced self-healing capability.”® In addition, calcinations at
very high temperature more than 800 °C and the dried state is
a common way to turn organic carbon precursors into carbon
materials.**** It is highly challenging, if not impossible, to
directly burn polymeric capsules into carbon capsules without
losing their original morphology.*® In the case of non-spherical
capsules, to keep the shape intact under afore-mentioned harsh
conditions is even more elusive since the whole surface does not
experience the same stress or strain due to the different surface
curvatures.'® Therefore, enhancing the mechanical robustness
of polymeric capsules under harsh conditions has attracted
wide interest in the field of polymeric capsules. A very recent
example of such efforts is the very tough polymeric polyhedral
capsules reported by Caruso.*

In the above context, spherical PDA capsules have been
demonstrated to have higher mechanical rigidity than other
polymeric capsules that are prepared via layer-by-layer
assembly, seeded polymerization, etc.>*® This can be ascribed
to the rigid backbone formed by oxidation-induced self-
polymerization of dopamine and highly crosslinked chains.
Even so, PDA capsules are often in the bulked or collapsed state
after airdrying, indicating a moderate mechanical
strength. 791012223738 Egpecially, although PDA have emerged
as a very attractive precursor for nitrogen-doped carbon mate-
rials, preparation of hollow carbon particles or carbon capsules
by carbonization of PDA involves multiple steps including PDA
coating of hard templates, carbonization and template
removing.***"**** Carbonization of PDA coated templates might
lead to the contamination of the carbon materials by the
underlying templating materials, which can be avoid by direct
carbonization of pure PDA capsules into carbon capsules.
However, such strategy has barely been exploited since PDA
capsules might not survive the high temperature (>800 °C) of
carbonization. In addition, most of carbon capsules derived
from PDA have a spherical shape, only a few examples of non-
spherical one have been prepared via templating on hard
inorganic particles and acid etching after the carbonation.*®

This journal is © The Royal Society of Chemistry 2017
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Scheme 1 Schematic illustration of preparing PDA capsules with an
ellipsoidal shape and enhanced mechanical rigidity by templating on
polystyrene ellipsoids.

Besides precursors for carbon materials, PDA based materials
have also exhibited excellent adsorption of metal ions or
organic dyes, which have been exploited in water purifica-
tion.**** PDA capsules are expected to further enhance such
adsorption efficiency due to their double interfaces, high
specific surface area. However, the moderate mechanical
strength of PDA capsules delays their practical applications in
water purification in the form of dried powders or packing into
columns under high pressure for chromatograph. Due to its
different surface curvatures that experience different stress or
strain, non-spherical PDA capsules are expected to have much
weaker mechanical strength than their spherical counterparts,
which make direct carbonation into carbon capsules with an
anisotropic shape or drying into powders as adsorbents are
highly challenging.

In the current contribution, we report a strategy to prepare
PDA capsules with an ellipsoidal shape and enhanced mechan-
ical rigidity by templating on polystyrene ellipsoids of various
aspect ratio and sizes (Scheme 1). By removing the PS template
we can prepare ellipsoidal PDA capsules with a size ranging from
micro to nanometer. While keeping their shape in solution, the
ellipsoidal PDA capsules obtained from the standard one-pot
PDA coating buckle, collapse and break when being subjected
to air-drying. Direct carbonization at 800 °C resulted in frag-
mentation of the PDA ellipsoidal capsules. Several strategies have
therefore been exploited to control the thickness of the PDA shell
with the hope to increase their mechanical rigidity of the shell,
among which, iterating PDA coating gives rise to ellipsoidal PDA
capsules with a thick shell without contamination of pure PDA
spheres. These ellipsoidal capsules can survive the heating under
high temperature and were directly turned into N-doped carbon
capsules with a well-defined ellipsoidal shape. Furthermore, we
shall also demonstrate that such stable PDA ellipsoidal capsules
are efficient adsorbents for organic dyes in contaminated water.
An impressive high adsorption efficiency of 200 mg g~* was
achieved.

2. Experimental
2.1 Material

Three kinds of polystyrene ellipsoids were prepared as detailed
in our previous work:* one with a long and short axis of ca. 6
and 0.7 pm, one with a long and short axis of ca. 3 and 1 pm and
one with a long and short axis of 600 and 300 nm, respectively.

RSC Adv., 2017, 7, 21686-21696 | 21687
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Dopamine hydrochloride (DA), fluoresceinamine isomer I, and
Tris(hydroxymethyl)amino methane (Tris) were purchased from
Sigma-Aldrich. All other materials were obtained from J&K
(Beijing, China).

2.2 Preparation of ellipsoidal polydopamine capsules

PDA coating of the polystyrene ellipsoid has been detailed in our
previous work.* In brief, to 10 mL suspension of PS ellipsoids of
10 mg mL " in Tris-HCI buffer (pH = 8.5, 10 mM), dopamine
was directly added under strong stirring to a final concentration
of 0.1 mg mL~". The coating reaction was carried out for 10 hours
under stirring that is enough to prevent the sedimentation of the
ellipsoids. After coating, three rounds of centrifuge and redis-
persing in ethanol were performed to purify the PDA coated
particles (PS@PDA). To prepare ellipsoidal PDA capsules, 1 mL of
PS@PDA in ethanol were centrifuged to remove solvents. To the
sediments, 4 mL of tetrahydrofuran (THF) was added. The
resulted suspension was stirred for 5 hours. The PDA capsules
were collected by low-speed centrifuge (2000g) and redispersed in
THF for 5 hours. This procedure was repeated three times to
make sure all of the PS templates are removed completely. The as-
prepared capsules was finally redispered in Tris-HCI buffer (pH
= 8.5, 10 mM) for further characterizations.

To investigate the influence of the dopamine concentration
on the thickness of the PDA shell, final dopamine concentrations
of 1 and 2 mg mL ™" were achieved by adding various amount of
dopamine to the PS ellipsoidal suspension in Tris-HCI buffer to
obtain while the coating time was kept at 10 hours. Similarly,
while the concentration of dopamine was fixed at 0.1 mg mL™",
aliquots of the reaction mixture were taken at 15 and 25 hours
and purified to investigate the influence of the coating time.

2.3 Iterating PDA coating to prepare ellipsoidal
polydopamine capsules with varied shell thickness

The PS@PDA hybrid particles based on micrometer-sized
ellipsoids with an aspect ratio of 3 were used for iterating
PDA coating. The PS@PDA obtained under the default coating
condition (Cgopame = 0.1 mg mL ™" and coating time = 10 hours)
were purified and resuspended in Tris-HCI buffer (pH = 8.5, 10
mM). To the suspension, dopamine was added to achieve
concentration of 0.1 mg mL ™" and the coating reaction was
performed for another 10 hours under constant agitating. This
procedure was further repeated on the same PS@PDA hybrid
particles for each specific coating cycle. To remove the PS core,
the PS@PDA hybrid particles were suspended in THF for at least
25 hours during which THF was replaced with fresh THF for
three times.

2.4 Fluorescent dye labeling of the PDA capsules

The micrometer-sized PDA capsules with an aspect ratio of 3
and various shell thickness were used for the dye labeling. PDA
capsules in 2 mL phosphate buffer (10 mM, pH = 8.2) with
a concentration of 10 mg mL ™" were first prepared. To the
suspension, fluoresceinamine was added to achieve a dye
concentration of 10 pg mL~". The resulted mixture was stood
for 24 hour in dark under constant stirring. After this step, the
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reaction mixture was dialyzed against water to remove unreac-
ted dyes. The capsules were collected and further washed in
distilled water by centrifuge and redispersion.

2.5 Carbonization of PDA capsules to prepare N-doped
carbon capsules with an ellipsoidal shape

The micrometer-sized PDA capsules with an aspect ratio of 3
obtained from one and four cycles of PDA coating was tested for
direct carbonation under N, atmosphere. The capsules were
first carbonized at 400 °C for 2 h with a heating rate of 1 °C
min~", and then further treated at 800 °C for 3 h with a heating
rate of 5 °C min~". The carbonization product was characterized
directly without further treatment.

2.6 Adsorption of methylene blue (MB) from water

The micrometer-sized PDA capsules with an aspect ratio of 3
obtained from four cycles of PDA coating were tested for
adsorption of methylene blue (MB). The adsorption experi-
ments were performed follow the exact procedure as outlined in
ref. 44 in order to compare with the result of pure PDA particles.
To 2 mL of 50 mg L' MB solution at pH 6.5 was added 0.2 mg
PDA capsules. The container was shaken on a shaking incu-
bator at a speed of 150 rpm. The concentrations of MB left in
supernatant were determined using a UV-vis spectrophotometer
at preset 10 min interval in the range of 120 min. The amount of
MB adsorbed per unit mass of PDA capsules (g) and the dye
removal efficiency (R) were calculated according to the following
eqn (1) and (2), respectively*>

q="V(Co— C)lm (1)
R =100 (C, — C)/Co 2)

where m (g) is the mass of PDA capsules and V (L) is the volume
of MB solution. C, and C; (mg L") are the initial and final (after
adsorption) concentration of MB solution, respectively.

2.7 Characterization

Scanning (SEM) and transmission (TEM) electron microscope
were performed with a JSM-7500F SEM and JEM-100CXII TEM
(JEOL, Japan), respectively. Samples for SEM were prepared by
putting a diluted suspension of particles in ethanol to a clean
silicon wafers and drying in air at room temperature. Samples
for TEM were prepared by placing a drop of the particle
suspension ethanol on a carbon-coated copper grid, and then
evaporating at ambient temperature. X-ray photoelectron spec-
troscopy (XPS) analysis of the hybrid particles and PDA capsules
was conducted on a GENESIS 60S X-ray photoelectron spectro-
scope (EDAX, USA). Thermogravimetric analysis (TGA) was
performed on a TG 209 F3 (Netzsch, Germany) under N,
atmosphere and in the temperature range from 50 to 800 °C.
The fluorescent images of the fluorescently labeled ellipsoids
were recorded on a Zeiss Z2 fluorescent microscopy (Zeiss,
Germany). Differential interference contrast (DIC) microscopy
was performed on an Olympus BX 51 microscopy with DIC
optics.

This journal is © The Royal Society of Chemistry 2017
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3. Results and discussion
3.1 Preparation of PDA capsules with an ellipsoidal shape

PDA coating of nano- or colloidal particles of various kinds of
materials has been well-established.>*3337:3845-%7 Herein, three
kinds of PS ellipsoids prepared from a well-known thermo-
stretching method were used as the templates:** two kinds of
micrometer-sized ellipsoids with different aspect ratios (ARs)
prepared from the same PS microsphere and one kind of nano-
scale ellipsoids. In our previous work, we have optimized the PDA
coating condition that leads to PDA coated colloidal particles
without contamination of the pure PDA side products.*® The
same coating procedure was used in the current work to coat the
PS ellipsoids with PDA. For this, dopamine was added to the
ellipsoid suspension in Tirs-HCI buffer and stirred for certain
time. After washing by centrifuge and re-dispersing in water, the
PDA coated PS ellipsoids (PS@PDA) was incubated in THF to
remove the PS core. The PS core is not crosslinked and therefore
the linear PS chains dissolved in THF can diffuse out of the PDA
shell, as confirmed by many previous works.****+4* TEM and
SEM of the PDA coated particles and the ones after removing PS
are listed in Fig. 1. Mass loss profiles of the capsules from the
thermogravimetric analysis (TGA) are similar to that of pure PDA
(Fig. 2A), confirming that the PS templates have been removed.
The PDA coated particles and capsules were further characterized
by X-ray photoelectron spectroscopy (XPS) (Fig. S1 in ESIt). The C
1s high-resolution spectrum of the XPS survey of the PDA
capsules can be deconvoluted into several sub-peaks with values
that correspond to the functional groups of intermediate
compounds derived from dopamine (Fig. 2B): 284.98 eV (C=C,
C-C, and C-H), 286.24 eV (C-N, C=N, and C-OH), and 289.04 eV
(C=0 of the quinone). Similarly, the O 1s core-level spectrum can
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be fitted into two typical peaks at 532.39 eV (C=0 of quinone)
and 533.36 eV (C-OH of catechol) (Fig. 2C).**** In addition,
compared to the PS template, significant intensity of nitrogen is
also detected by XPS in the case of the PDA capsules (Fig. 2D).

TEM and SEM revealed that the PDA capsule structure
maintains the general ellipsoidal shape and accurately replicate
the size and aspect ratio of the respective templates, leading to
microscale ellipsoidal PDA capsules with an aspect ratio of 6
and 3 as well as a nanoscale one with aspect ratio of 2 (Fig. 1).
Especially, the highly curved surface at the tips of the ellipsoidal
templates were preserved: capsules from the micrometer-sized
ellipsoids with an AR = 6 have sharper tips than the ones
from particles with an AR of 3. Under the normal coating
conditions (0.1 mg mL ™" of dopamine and coating time of 10 h),
the shell thickness of the capsules is around 20 nm. We also
tested PDA coating of the micrometer-sized ellipsoids with an
AR of 6 using a very low dopamine concentration (0.04 mg
mL™"), and capsules with a very thin PDA layer but still an
ellipsoidal shape were obtained (Fig. S2 in ESIT). These results
suggest that PDA coating can form a conformal layer on
anisotropic particles, regardless of the size and surface curva-
ture.>>** After removing the templates, the resulted PDA shell
has the capability to remain the general shape of the templates
due to the inherent rigidity of PDA.**** In the rest of this work,
we mainly focus on PDA capsules from the micrometer-sized
ellipsoid with an AR = 3 unless otherwise noted.

3.2 Morphology of ellipsoidal PDA capsules in the
suspended and dried state

The PDA capsules that have never been in the dried state were
checked with differential interference contrast (DIC) and

Fig.1 TEM and SEM of PDA coated PS ellipsoids (left column) and ellipsoidal PDA capsules (middle and right column). (A) and (B) are PDA coated
micrometer-sized PS ellipsoids and capsules with an aspect ratio of 6 and 3, respectively. (C) Nanoscale ellipsoids. The coating condition is as

follows: Cyopamine = 0.1 mg mL~! and the coating time is 10 hours.

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 TGA (A) and XPS analysis (B—D) of the PDA coated PS ellipsoids and the resulted capsules. The PDA coated ellipsoids and capsules are
based on the micrometer-sized ellipsoids with an aspect ratio of 3. Capsule 1 and 4 in (A) refer to PDA capsules that are obtained from one and

four cycles of iterating PDA coating, respectively.

fluorescent microscopy to reveal the morphology of ellipsoidal
PDA capsules in the suspended state (Fig. 3 and S3 in ESIY),
where both the interior cavity and the outer side of the capsules
are filled with the same solvent like water. DIC of the capsules
reveals an intact ellipsoidal morphology (inset of Fig. 1B and S3
in ESIT). In addition, the capsules can be conveniently labeled
with fluorescent dyes due to the rich chemistry of PDA. Fluo-
rescent microscopy images of the FITC labeled capsules and the
parent PS@PDA core-shell particles without removing the PS
core are listed in Fig. 3A and B, together with quantitative
analysis of the intensity alone the long and short axis of the
particles. Compared to the fluorescent PS@PDA ellipsoids, the
PDA capsules are slightly swollen but still have a well-defined
ellipsoidal morphology without any buckling (Fig. 3A and B).
These results confirm that dissolution and diffusion of the PS
chains do not disrupt the capsules. The fluorescent intensity
was further analyzed by plot profiles along the long and short
axis of the respective particles (Fig. 3C and D). Interestingly,
while the PS@PDA ellipsoid consists of a fluorescent halo and
a dark core, fluorescent signals also exist in the cavity of the
fluorescent PDA capsules, suggesting that fluorescent mole-
cules can diffuse inside the capsules and label the interior PDA
surface.* This is a very important property that benefits the dye
adsorption as will be discussed later.

Both DIC and fluorescent microscopy indicate that PDA
capsules from the above one-pot PDA coating can keep the
ellipsoidal morphology when suspended in solvent. However,
TEM and SEM of dried capsules reveal a buckled and collapsed
morphology and some capsules are broken, regardless of the
aspect ratio and size of the capsules (Fig. 1). This is consistent
with  previous results of spherical PDA capsules

21690 | RSC Adv., 2017, 7, 21686-21696

(Fig. S47).%07912:24:37.3840 Interestingly, although collapsing of the
spherical PDA capsules isotopically occurs to all directions
around the curved surface (Fig. S4 in ESIt),>*® the micrometer-
sized ellipsoidal PDA capsules collapse along their side of the
long axis into flattered shells.> In a similar way, the nanosized
PDA capsules buckle into the bowel-like structure with an
ellipsoids shape (Fig. 1C). Previous works have indicated that
strain/stress in homogenously distribute along the curved
surface, vertices and edges of the non-spherical capsules.'®*
The latter two are rigid and provide mechanical reinforcement
to restrict the buckling behavior of non-spherical capsules.
Therefore, in the case of ellipsoidal capsules, air-drying induced
stress mainly release in homogeneously through the mechan-
ically weak side walls.*® Since the capsules are intact in solvent
(Fig. 3), the collapsed and broken ellipsoidal PDA capsules must
be due to the stress of air drying. As will be shown later, heating
the ellipsoidal PDA in the dried state under high temperature
(>400 °C) can further disintegrate them into fragments. There-
fore, the inherent rigidity of PDA can maintain the anisotropic
morphology of the template but is not strong enough to keep
the integrity of the capsules under dying and other harsh
conditions.

3.3 Ellipsoidal PDA capsules with enhanced mechanical
rigidity via iterating PDA coating

Naturally, the simple way to enhance the mechanical rigidity of
the ellipsoidal PDA capsules is to increase the thickness of the
PDA shell.**” For this, two possibilities can be exploited: one is
to vary the initial PDA concentrations (Cq4p)**** and another is to
prolong the PDA coating time.”** However, increasing the

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 DIC and fluorescent microscopy of PDA coated PS ellipsoids (A) and PDA capsules (B). The panels of (C) and (D) are the plot profiles along

the long and short axis of the PDA coated particles (black curves) and
based on the micrometer-sized ellipsoids with an aspect ratio of 3.

dopamine concentration can lead to a large amount of pure PDA
particles of several hundreds of nm that are difficult to be
separated from the main product, especially in the case of
coating nanoscale ellipsoids (Fig. S6 in ESIT). In addition, the
thickness of the PDA shells only slightly increases by prolonging
the coating time (Fig. S5 in ESIt).” This is due to the unique self-
polymerization chemistry of dopamine as we discussed
before.*® Generally, dopamine is oxidized into some polymer-
izable species at the early stage of PDA coating, some of which
adsorb onto the template surface while some continue self-
polymerizing into non-soluble aggregates in bulk. The adsor-
bed polymerizable species on the particle surface condense into
a conformal layer, onto which PDA aggregates in the form of
particles of various sizes can further deposit. Therefore, the PDA
capsules often consist of a relatively smooth layer decorated
with nanoscale PDA particles (Fig. 2A). These two procedures
compete with each other. Initial high concentration of dopa-
mine leads to very concentrated polymerizable species that
accelerate the self-polymerization and condensation of the
species into pure PDA particles that precipitate out. In addition,
at a specific dopamine concentration, the thickness increasing
of the PDA layer levels off after several hours due to depletion of
oxygen and/or dopamine.

Therefore we explored the strategy of iterating coating with
the optimal dopamine concentration of 0.1 mg mL™", which we
have found give the best coating while producing negligible side
products of pure PDA particles.***® After each coating, the PDA
coated ellipsoids was washed with Tris—-HCI buffer and then
suspended into a freshly prepared dopamine solution of 0.1 mg
mL . In this way, we can increase the thickness of the PDA

This journal is © The Royal Society of Chemistry 2017

PDA capsules (red curves). The PDA coated ellipsoids and capsules are

without producing pronounced pure PDA side productions
(Fig. 4). Indeed, after the second round of coating, the amount
of ellipsoidal capsules with an intact ellipsoidal shape that
survived the drying for electron microscopy analysis increases
dramatically (Fig. 4A and 5A). After the fourth cycle of PDA
coating, most of the capsules have an intact ellipsoidal shape
(Fig. 4C and S7 in ESI}). With increasing cycles of PDA coating,
the thickness of the PDA capsules also increases (Fig. 5B). The
surface of the capsules becomes rougher and rougher (Fig. 4).
TGA analysis of the densely coated PDA capsules from the
fourth cycle of coating have a mass loss profile similar to that of
the pure PDA, suggesting that the PS core are removed by THF
(Fig. 2A). The hollow cavity of the PDA capsules after the fourth
cycle of coating could not be revealed by both TEM and SEM due
to the thick PDA shell with a thickness of ca. 65 nm (Fig. 4C), as
also reported by others.***® TEM and SEM of the capsules after
mechanically crashing clearly reveal the capsule structure
(insets of Fig. 4C). In addition, DIC and fluorescent microscopy
also confirm the capsule-like structure (Fig. S3 in ESIT).

3.4 Preparation of N-doped ellipsoidal carbon capsules

PDA based materials have recently been demonstrated as
excellent precursors for N-doped carbon materials.*
Combining with the versatile PDA coating of nano- and
colloidal particles, a plethora of hollow carbon particles or
carbon capsules have been conveniently prepared and have
found many applications in water purification, -catalysis,
advanced battery technologies.****** However, most carbon
capsules derived from PDA have a spherical shape and are
prepared in multiple steps that involve PDA coating,
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Fig. 4 PDA capsules with increasing shell thickness and mechanical rigidity by iterating PDA coating. SEM and TEM images in (A), (B) and (C) are
two, three and four cycles of PDA coating, respectively. Arrows in (A) highlight buckled and broken PDA capsules. Insets in C1 and C2 are the

capsules after mechanical crashing.

carbonation and template removing. During carbonization of
PDA without removing the template, N-doped carbons might be
contaminated by the templating materials under such high
temperature. Direct carbonization of PDA capsules might avoid
such issues and simplify the preparation procedure. However,
such method has barely been explored due to the fragility of the
PDA capsules. After obtaining the ellipsoidal PDA capsules with
good mechanical rigidity, we speculate that such PDA capsules
can be exploited as the precursor for the carbon capsules with
an ellipsoids shape.

Carbonization was performed by heating the ellipsoidal PDA
capsule at 800 °C under N, atmosphere. As expected, the PDA
capsules from one cycle of PDA coating broke into pieces after
carbonation and intact carbon capsules barely exist (Fig. 6A and
C). In contrast, the PDA capsules from four cycles of PDA
coating survived the carbonation conditions, giving rise to
intact carbon capsules with a well-reserved ellipsoidal shape
(Fig. 6C and D). Three peaks corresponding to C 1s, N 1s and O
1s in the XPS analysis confirmed the high purity of N-doped
carbon without other undesirable compositions (Fig. 7).***

21692 | RSC Adv., 2017, 7, 21686-21696

Fitting of the high-resolution XPS spectrum of N 1s leads to four
sub-peaks that corresponds to different electronic states of the
nitrogen element in the carbon capsules: pyridinic N (398.51
eV), pyrrolic N (400.60 eV), graphitic N (401.30 eV), and pyridine
N-oxide (N-X, 402.89 eV) (Fig. 7B). The two peaks at ca. 1350 and
1590 cm™ ' in the Raman spectrum can be assigned to the D and
G band, respectively. The D band is correlated with the disor-
dered carbon and G band the graphitic carbon. The ratio of the
intensity of the D to G band is ca. 0.82, indicating the graphitic
nature of the N-doped carbon capsules.*® These results are
consistent with previous works that also use polydopamine as
the carbon precursor.?*3"3334

3.5 Rigid ellipsoidal PDA capsules as effective absorbents for
dyes in contaminated water

In the above section, we have demonstrated that the ellipsoidal
PDA capsules obtained from four cycles of iterating PDA coating
can be turned into ellipsoidal N-doped carbon capsules. Here-
after, we further demonstrate the application of the rigid PDA
capsules as effective absorbents to purify dye-contaminated

This journal is © The Royal Society of Chemistry 2017
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Fig.5 Percentage of intact ellipsoidal capsules (A) and the thickness of
the PDA shell (B) versus the number of the coating cycle.

water. Several previous works have confirmed that PDA based
materials are excellent absorbents of several metal ions and
some dyes.***”*® Especially, Quan Xu and coauthors have found
that pure PDA microspheres can effectively remove methylene
blue (MB) from water and achieve an adsorption capacity of
90.7 mg g~ ' at equilibrium at 25 °C, which is among the highest
of several kinds of materials.** With the large hollow, nanoscale

View Article Online
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shell and anisotropic shape, our current PDA capsules are ex-
pected to have larger specific surface area that might lead to
enhanced adsorption efficiency of organic dyes.

Using MB as the model compound, we performed the
adsorption experiments under the identical conditions of the
PDA microspheres used by Quan Xu's group, in order to
compare with their results.* The time-dependent adsorption
capacity was presented in Fig. 8A. With the current ellipsoidal
PDA capsules, an adsorption capacity of 200 mg g~ * was ach-
ieved during two hours, which is much higher than 90.7 mg g~
of the pure PDA microspheres under the same conditions and is
comparable with that of the chemically modified mixed hard-
woods (237.4 mg g~ ') (Table S1 in ESI{).*® The mechanism of
the excellent adsorption capability of PDA based materials for
MB is attributed to the -7 stacking and electrostatic interac-
tions.** Other physical parameter should play critical roles in
such dramatic difference between hollow PDA capsules and
solid microspheres. To confirm this assumption, the specific
area of PDA capsules was determined by the nitrogen adsorp-
tion-desorption isotherm at 77 K (Fig. 8B). The BET surface area
of PDA capsules calculated by the standard Brunauer-Emmett-
Teller (BET) method is 300 m* g~ while the solid PDA micro-
spheres only have a BET of 13.77 m? g~ '. Such difference is
consistent with the general rules that hollow particles have
a higher surface-to-volume ratio than the solid counterpart.
Both the external and interior surfaces of the PDA capsules are
available for interactions with MB. In addition, the interior
cavity can further shorten mass transport distance. These
factors together contribute to the impressive adsorption
capacity of PDA capsules.

$4800 3.0kV 9.8mm x15:0k SE(M)

Fig. 6 SEM and TEM of N-doped carbon capsules with an ellipsoidal shape via carbonation of PDA capsules obtained from one time (A and C)

and four-time of (C and D) PDA coating.

This journal is © The Royal Society of Chemistry 2017
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Fig.8 Time-dependent adsorption efficiency for methylene blue (MB)
(A) and nitrogen adsorption—desorption isotherm at 77 K (B) of PDA
capsules.

Compared to their spherical counterparts, capsules with an
ellipsoidal or other non-spherical shape have many additional
advantages such as enhanced cargo loading efficiency for drug
delivering, improved cell uptake in the cases of cancer treat-
ment and enhanced packing efficiency in solid materials as
indicated by previous works."*™** Relative to the current work, we
think the advantage of enhanced packing efficiency in solid

21694 | RSC Adv., 2017, 7, 21686-21696

and G-band.

materials is very beneficial. In the format of dried powders in
which particles are randomly packed, ellipsoidal particles can
randomly pack more densely and achieve a volume fraction (¢)
up to 0.74, higher than 0.64 of spherical ones.”® The higher
number of degrees of freedom per particle and thus the larger
number of particle contacts required to mechanically stabilize
the packing are responsible for the higher density of random
packing of ellipsoids.*®* When the dried ellipsoidal PDA capsules
in the form of powders are packed into columns for adsorption
of MB from water, their high packing efficiency can lead to
higher mass/volume ratio. In another words, if the column
volume is the same, more ellipsoidal PDA capsules can be
integrated into the same column than the spherical capsules (if
both have the same morphological volume). Dense packing also
means there is less void volume which also benefits the MB
adsorption. Due to the same reason, ellipsoidal carbon capsules
might achieve better electrochemical performance when being
used as electrolyte materials.'

4. Conclusions

In the current work, the morphology and mechanical rigidity of
polydopamine (PDA) capsules were addressed simultaneously.
PDA derived from oxidation induced self-polymerization of
dopamine is an excellent coating material that can coat non-
spherical ellipsoidal polystyrene particles with a PDA layer,
regardless of the size and aspect ratio. Dissolving the PS template
by THF produced ellipsoidal PDA capsules that accurately repli-
cate the details of the templates such as aspect ratios, high
curvature at the tips of the particles, etc. The ellipsoidal PDA
capsules buckle, collapse following the way pre-determined by

This journal is © The Royal Society of Chemistry 2017
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the anisotropic surface distribution of the stress produced by air-
drying. Iterating coating the PDA coated PS ellipsoids is an
effective way to increase the thickness of the PDA shell and to
enhance the mechanical rigidity of the PDA capsules, without
producing side-products of pure PDA. Compared to PDA capsules
from one-time PDA coating, the one from four-time coating can
survive carbonization at temperature as high as 800 °C,
producing N-doped carbon capsules with an ellipsoidal shape
that might be used for catalysis and energy materials. Further-
more, the rigid PDA capsules can work as a high-efficiency
adsorbent for removing cationic dyes such as methylene blue
from aqueous solution. An adsorption efficiency as high as
200 mg g ' was achieved. These materials can be explored to
purify water contamination caused by dye industries.
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