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We present a new strategy for in situ transformation of metal-organic framework (MOF) crystals to hollow
metal-organic structures through polycondensation of dopamine. The hollow metal-polydopamine
(PDA) particles are formed by a coordination assembly of metal ions (Co and Zn) and PDA, inheriting the
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Introduction

Nanoporous carbon materials have attracted much attention
due to their chemical and mechanical stability, high surface
area, good electrical conductivity and various applications
such as in catalysis, adsorption, separation, energy conversion
and storage, as well as environmental remediation.”” In par-
ticular, nanoporous carbon materials with hollow structures
can further enhance their performance in many
applications.®** In general, hollow carbon nanoparticles are
synthesized via the templating technique, which usually
involves the coating of a carbon precursor on a pre-synthesized
solid core template (such as silica colloids, polystyrene
spheres), followed by carbonization and selective removal of
the templates."*'® However, the removal of the template is
time-consuming and involves some harmful solvents (such as
HF). Furthermore, to satisfy different applications, extra
functionalization is needed, such as introducing heteroatoms
into hollow carbon particles."” The doping of nitrogen atoms
into the nanoporous carbon materials changes the properties
of carbon, such as surface polarity, electrical conductivity and
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morphology of MOF (ZIF-67 and ZIF-8) crystals. The hollow porous metal/N-carbon particles morpho-
synthetically transformed from hollow metal-PDA particles exhibit excellent oxygen reduction electro-
catalytic activity. The strategy presented here is promising for synthesizing hollow metal—-organic polymer
(metal—carbon) particles with diverse morphologies for energy and environmental applications.

electron-donor tendency.'® For example, N doped carbon

materials have been shown to have efficient catalytic activity
toward oxygen reduction reaction (ORR), which is an impor-
tant electrode reaction in fuel cells and metal-air
batteries.’®>* Additionally, introducing transition metal ions
(such as Co and Fe) into N-doped carbon can remarkably
boost the catalytic performance of ORR due to the formation
of M-N-C (M=Fe, Co) active sites.>> >’ To produce a hollow
M-N-C containing structure, metal ions or N elements are
typically introduced into the hollow carbon structure by extra
procedures,*®*° which would easily cause uneven distribution
and agglomeration after carbonization. Thus, developing an
efficient way to synthesize functional hollow carbon materials
containing homogeneous active sites is highly desirable.
Metal-organic frameworks (MOFs), assembled by metal ion
clusters and organic ligands,***® show various morphologies
and compositions and tuneable particle size, which are suit-
able templates for the synthesis of a hollow structure.’**”*!
MOF materials were demonstrated as sacrificial templates to
synthesize hollow oxide composites or metal composites.*>
Nevertheless, hollow carbon materials directly derived from
metal-organic coordination complexes have been rarely
reported.”*® MOFs are attractive candidates for the synthesis
of metal-carbon composites due to their diverse compositions
with various metal ions and organic ligands.**™*® For example,
zeolite imidazolate frameworks (ZIFs), a subclass MOFs, are
the most commonly-used precursor for carbon-based catalysts
as they are rich in carbon, nitrogen and transition metal
elements, which could form M-N-C active sites after carboniz-
ation to improve the catalytic performance in electrochemical
catalysis. However, MOF precursors with hollow structures are
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quite limited,*” especially unique morphology, such as a poly-
hedral MOF structure. Therefore, synthesis of diverse hollow
metal/carbon structures is still a challenge and desirable for
fabrication of high-performance carbon-based catalysts.

Herein, we demonstrate a novel strategy for synthesizing
hollow metal-organic structures from MOF crystals, involving
in situ polycondensation of dopamine into polydopamine
(PDA) and a coordination assembly of metal ions with PDA to
form the shell, and simultaneous release of organic ligand
molecules to produce the hollow structure. Hollow metal-PDA
particles inherit the shape of MOFs and their shell is com-
posed of PDA and metal ions originated from MOFs. In other
words, the formation of the hollow structure and the introduc-
tion of heteroatoms into particles are achieved in one step. In
previous research, PDA has been often utilized to functionalize
the surface of MOF crystals since it can easily self-polymerize
from dopamine.®*® However, the PDA assisted in situ trans-
formation of an MOF into a hollow metal/PDA complex has
never been reported. On the other hand, the MOFs not only
function as morphology templates but also supply metal ions
to coordinate with the PDA forming metal-PDA shell structure
because of their strong chelating capability between PDA and
metal ions.*® Moreover, PDA contains nitrogen and is widely
used as an N-doped carbon source. The hollow metal-PDA
structures can be further morphosynthetically transformed
into porous carbon materials by high temperature carboniz-
ation. In this work, two common ZIFs, ZIF-67 and ZIF-8, are
chosen to demonstrate the synthesis strategy. After the carbon-
ization, homogeneously dispersed metal-N-C active sites
render the carbon materials with high surface area superior
catalysts for ORR in alkaline solution.

Results and discussion

Rhombic dodecahedron-shaped ZIF-67 crystals with sizes of
around 500 nm synthesized from Co>* and 2-methylimidazole
(2-mim) are shown in scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) images in Fig. 1a.
The one-step transformation reaction was initiated by adding
dopamine to a suspension of ZIF-67 in a mixture solution (pH
8.5) of ethanol and water, and the reaction occurred at room
temperature for 48 h. Fig. 1b shows the TEM images of the
product obtained by in situ transformation of ZIF-67. The
average particle size does not change significantly after trans-
formation. The 50 nm shell of the hollow polyhedral structure
(noted as Z67D) was formed by a coordination assembly
between Co ions and PDA. As shown in Fig. S1,f the smooth
surface of ZIF-67 becomes much rougher in Z67D whose
surface is assembled by tiny Co-PDA polymer nanoparticles.
To confirm this, Co** ions were mixed with dopamine in the
mixture solution, and spherical nanoparticles of around
20 nm in diameter were produced. The size and shape of these
nanoparticles in Fig. S2} are similar to the surface appearance
of Z67D, which confirms that the surface of Z67D is formed by
coordination between Co®" ions and PDA. Fig. 1c-e show that
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Fig. 1 (a) SEM image of ZIF-67, (b) TEM images, (c) STEM image and (d,
e) elemental mapping images of the hollow Co-PDA structure (Z67D)
(inset images in (a) and (b) are TEM images of single particles of ZIF-67
and Z67D, respectively. The scale bars represent 100 nm, (f) XRD pat-
terns and (g) XPS spectrum of ZIF-67 and Z67D.

the existence of the Co element in the shell of the hollow struc-
ture was verified by performing scanning transmission elec-
tron microscopy (STEM) measurements combined with
elemental mapping and energy-dispersive X-ray spectroscopy
(EDS) (Fig. S37). The images show that Co, N and C elements
are homogeneously distributed within the shell structure.
X-ray powder diffraction (XRD) patterns in Fig. 1f show that
the characteristic peaks of the ZIF-67 structure disappear com-
pletely in Z67D, indicating that ZIF-67 was fully transformed
into Z67D. Moreover, Co 2p X-ray photoelectron spectroscopy
(XPS) spectra in Fig. 1g give the peaks of Co 2ps,, and Co 2p;,
located at around 780 eV and 796 eV for ZIF-67 and Z67D,
respectively. Compared with ZIF-67, the two satellite peaks cen-
tered at about 786 eV and 802 eV, which are attributed to the
Co>" oxidation state, disappear in the spectrum of Z67D. This
result indicates that a portion of Co®" ions changes to Co>",>°
which confirms the disappearance of ZIF-67.

To understand the mechanism of transformation from
ZIF-67 to 267D, the reaction process was monitored by charac-
terizing the particles at different reaction stages with TEM
(Fig. 2a-d) and XRD (Fig. S47). ZIF-67 particles were wrapped
around by a thin flocculent layer of polydopamine after adding
dopamine to the solution for 5 min. A layer of shell was then
observed after 30 min. The rate of polymerization of dopamine
can be tuned by varying the ratio of water and ethanol.>* The
uniform coverage of PDA on ZIF-67 particles was then

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 TEM images of the hollow Z67D structure formed in water and
ethanol solution at each stage.

obtained. After 7 h of the reaction, the core of ZIF-67 was dis-
solved partially, and rhombic dodecahedron-shaped particles
with distinct shells were formed. Finally, rhombic dodeca-
hedral hollow particles with a clear shell were observed after
48 h. Furthermore, the Fourier transform infrared (FTIR)
spectra of ZIF-67, Z67D and PDA were collected to identify the
surface functional groups and observe the formation of a
coordination polymer. As shown in Fig. S5a,1 the broad band
around 3338 cm™" is ascribed to the N-H and O-H stretching
vibrations in PDA and Z67D.>* The band at 1590 cm " in
ZIF-67 could be assigned to the C=N stretching mode which
disappears in Z67D.”* The absorption band at 420 cm™" orig-
inating from the Co-N stretching mode in ZIF-67 disappears
in 267D, demonstrating that Co disaggregates with 2-mim.>*
The Brunauer-Emmett-Teller (BET) surface area of ZIF-67
decreased dramatically, further confirming the disappearance
of the ZIF-67 structure and the formation of Z67D (Fig. S5b¥).
On the basis of the above observation, the mechanism of
the hollow structure formation can be schematically illustrated
in Fig. 3. Firstly, the ZIF-67 crystals dissociate in water. The pH

ZIF-67

Dopamine

pH=8.5

Polydopamine 0.0 °
(PDA) ey '.\

Dissociation

2-methylimidazole

ZIF-67@PDA R

Fig. 3 Schematic illustration of in situ transformation from ZIF-67 crys-
tals into hollow Co—PDA polyhedral particles (Z67D).
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of the ZIF-67 suspension changes when the ZIF-67 to water
mass ratio varies.>® When the pH decreases, the 2-mim linkers
become protonated, which breaks the Co-2-mim bonds.”® To
confirm ZIF-67 hydrolysis in water, ZIF-67 was stirred in a
mixed water and ethanol solution (pH = 8.5) and ethanol
without adding dopamine for 24 h, respectively. The ZIF-67
structure mostly collapsed into pieces in the mixed solution,
but maintained the morphology in ethanol solution (Fig. S6a
and bt). This observation indicates that water can destabilize
the ZIF-67 structure, releasing Co®>" and 2-mim. The second
reason is the adsorption ability of dopamine (and PDA) and
the competing reaction with Co®>" between PDA and 2-mim. As
the adsorption of PDA on ZIF-67 is faster than the dissociation
of ZIF-67, a thin layer PDA is formed around the ZIF-67 at the
beginning to maintain the original polyhedron shape. When
Co”" ions released from the breaking of Co-2-mim bonds
during water dissolution of ZIF-67, they coordinate with PDA
resulting in the formation of a hollow structure with PDA and
a Co-PDA layer. To further confirm this conclusion, the hollow
Z67D structure was mixed with 6 M HCI and stirred at room
temperature for 24 h. The morphology of the structures was
still retained with a shell thickness of 25 nm, as shown in
Fig. S7a-b.} During the acid treatment, the Co>* ions were
removed by the acid and the hollow structures are made of
PDA, which is confirmed by the elemental mapping results
shown in Fig. S7c-e.{ Therefore, Co>* ions released by ZIF-67
coordinate catechol ligands of PDA; meanwhile this coordi-
nation reaction further drives Co®" ions to dissociate from
2-mim in solution. These two factors act synergistically, evol-
ving ZIF-67 into a hollow Co-PDA structure in the presence of
PDA. Additionally, the concentration of Co>" ions is inversely
proportional to the concentration of ZIF-67. When the concen-
tration of a mixture of ZIF-67 and dopamine was increased 10
times that of the Z67D synthesis conditions, the core-shell
structures were obtained, as shown in Fig. S8a—e.f The core is
incompletely dissociated ZIF-67 which is confirmed by XRD in
Fig. S8f.7

Importantly, this transformation strategy can be applied to
other ZIFs to prepare hollow metal-polymer structures. For
example, a hollow Zn-PDA structure (denoted as Z8D) was syn-
thesized from small-size ZIF-8 nanoparticles (60 nm) (Fig. 4a
and b). The elemental mapping images (Fig. 4c) show that Zn
and N exist homogeneously in the shell of hollow structures,
which is in accordance with the result of Z67D. The average
size of hollow particles is around 120 nm, which is due to the
formation of a Zn-PDA shell with a thickness of around
40 nm. The characteristic peaks of ZIF-8 disappear in the XRD
pattern of Z8D (Fig. 4d), which confirms that the crystalline
ZIF-8 transforms into the hollow Zn-PDA structure. The FTIR
spectra of ZIF-8 and Z8D proved the disassociation between Zn
and 2-mim and coordination of Zn-PDA as shown in Fig. S9.}
SEM images in Fig. S107 display the formation process of the
hollow Z8D structure.

The CoN,-C has recently been shown to be an efficient
active catalytic site of ORR."?%*? Since the hollow Co/N carbon
spheres derived from hollow Co-PDA particles contain both Co
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Fig. 4 (a) SEM and TEM (inset image) images of ZIF-8, (b) TEM image,
(c) the STEM and elemental mapping images of the hollow Zn-PDA
structure (Z8D), and (d) XRD patterns of ZIF-8 and the hollow Z8D
structure.

and nitrogen pristinely, it would be interesting to study their
chemical structure and ORR catalytic activity. The TEM images
in Fig. S11f show that Co/CoN, is homogeneously dispersed
throughout the hollow structure after carbonization of Z67D at
700 °C. After the acid leaching process to remove inactive Co
species, the morphology of the hollow structure was still well
retained (denoted as Z67D-700-L) (Fig. 5a and S12%). The exist-
ence of Co and N in Z67D-700-L was proved by XPS and
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— Pyridinic-N 4\
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Pyrrolic-N / \
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Fig. 5 (a) TEM images of Z67D carbonized at 700 °C after the acid

etching process. (b) High-resolution of the N 1s XPS spectra of
Z67D-700-L. (c) BET surface area of Z67D-600-L, Z67D-700-L and
Z67D-800-L. (d) Linear sweep voltammetry (LSV) curves of Z67D-600-L,
Z67D-700-L, Z67D-800-L and Pt/C.
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elemental mapping in Fig. S13.1 In the high-resolution spec-
trum of Co 2p, the peaks of Co-N, and Co-O species, which
can enhance ORR catalytic activity under alkaline con-
ditions,'®””>® were identified. The N 1s XPS of Z67D-700-L in
Fig. 5b can be fitted into four types of nitrogen, in which the
content of pyridinic nitrogen (398.6 eV) and graphitic nitrogen
(401.3 eV) is up to 72.63%. The high content of pyridinic
N and graphitic N is desirable because they can help impart
higher positive charge density on adjacent carbon atoms and
increase the limiting current density by facilitating O, adsorp-
tion and weakening of O=0 bonds.>** Furthermore, pyridi-
nic N and pyrrolic N can coordinate with Co to form Co-N,,
which is more active than only N-doped carbon materials for
ORR.**?” For comparison, hollow Co/N carbon particles carbo-
nized at different temperatures and after acid leaching were
also investigated. XRD patterns of hollow Co/N carbon par-
ticles prepared at different temperatures in Fig. S147 exhibit a
peak at 25° corresponding to (002) diffraction of carbon,
suggesting that the higher pyrolysis temperature leads to a
higher graphitization degree. The peaks located at 44° and 51°
are indexed to the (111) and (200) diffractions of fcc Co origi-
nated from residual Co nanoparticles embedded in the carbon
shell structure.®® The nitrogen adsorption-desorption iso-
therms of hollow Co/N carbon particles in Fig. S15+ exhibit a
very high nitrogen uptake at low relative pressures, which
demonstrates the existence of a large amount of nanopores
within the shell. The Brunauer-Emmett-Teller (BET) surface
area of hollow Co/N carbon particles (Fig. 5c) decreases with
increasing pyrolysis temperature, which can be attributed to
the decreasing amount of micropores and the structural col-
lapse of Co-PDA hollow particles during the carbonization
process. As indicated by the pore size distribution in Fig. S16,f
the micropore volume decreases along with the carbonization
temperature.

The ORR performance of the hollow Co/N carbon particle
electrocatalyst was evaluated by using cyclic voltammetry and
rotating disk electrode (RDE) measurements in 0.1 M KOH.
Cyclic voltammetry (CV) measurements in an O,-saturated
electrolyte clearly showed oxygen reduction peaks afforded by
Z67D-600-L, Z67D-700-L, Z67D-800-L and Pt/C (Fig. S177).
According to the ORR polarization curves in Fig. 5d, the cata-
Iytic activity of Z67D-700-L is comparable to Pt/C at the same
loading of 0.1 mg cm™? and is the highest among the catalysts
carbonized at different temperatures in terms of the half-wave
potential. The curves and the corresponding normalized result
of different N types in Fig. S187 indicate the conversion from
pyrrolic to graphitic nitrogen with increasing temperature,
which is consistent with the previous report on N-doped
carbon materials.®®> According to the Koutecky-Levich (K-L)
plots derived from RDE measurements at different potentials
(Fig. S197), the electron transfer number (n) for Z67D-700-L is
3.5. As shown in Fig. 520,T Z67D-700-L also exhibits great cata-
Iytic stability, with a 17.8% activity loss over 10 000 s of con-
tinuous operation in O, saturated 0.1 M KOH solution,
whereas Pt/C suffered around a 40% activity decay under the
same conditions. This is because the commercial Pt/C catalyst

This journal is © The Royal Society of Chemistry 2017
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suffers from nanoparticle migration, aggregation and even
detachment from carbon supports during continuous electro-
chemical reaction.”

Hollow Zn-PDA nanoparticles were also carbonized at
900 °C (denoted as Z8D-900) for testing as ORR electrocata-
lysts. As shown in Fig. S21,f carbonized Z8D-900 hollow
carbon nanoparticles with a size of around 100 nm and
uniform nitrogen doping possess a high BET surface area
(793 m?> g7"). Note that elemental Zn evaporated during the
high temperature carbonization process.”* The electrocatalytic
performance of Z8D-900, even without metal doping, shown in
Fig. S227 is as good as Pt/C, further confirming that hollow
PDA is an excellent precursor for the synthesis of electrocata-
lysts with high catalytic performance.

Conclusions

In summary, we have demonstrated a simple, effective strategy
for forming hollow metal-PDA structures from MOF crystals
and dopamine. The resulting hollow metal-PDA structure can
be readily transformed into hollow metal/N-carbon particles.
The method developed in this work avoids an additional step
in removing the templates in the synthesis of hollow struc-
tures, and achieves well-retained shapes of MOF crystals.
Furthermore, the carbonized hollow metal-polymer particles
with high surface area and rich active catalytic sites exhibit
excellent ORR catalytic performance. Therefore, this versatile
method of synthesizing hollow particles has shown great
potential for developing novel porous materials for many

applications such as in energy and environmental
technologies.
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