COMMUNICATION

ADVANCED
MATERTAL

Porphyrin Organic Frameworks

www.advmat.d updates

Porphyrin Organic Framework Hollow Spheres and
Their Applications in Lithium—Sulfur Batteries

Bo-Quan Li, Shu-Yuan Zhang, Long Kong, Hong-Jie Peng, and Qiang Zhang*

Organic frameworks represent an emerging family of advanced materials that

can be precisely controlled at the atomic level. However, morphology control
of organic frameworks remains perplexing and difficult, strongly limiting the
advantages of organic frameworks in multiple practical applications. Herein,
porphyrin organic framework hollow spheres (POF-HSs) are fabricated by a
template method as a proof of concept of organic frameworks with precisely
controlled morphology. POF-HS exhibits explicit chemical structures of

2D POF and an expected hollow structure. The morphology of POF-HS is
further regulated in terms of void size and shell thickness. Benefited from
the polar chemical structures and the hollow spherical morphology, POF-HS
sufficiently mitigates the shuttle of polysulfides by taking the dual effects of
chemical adsorption and physical confinement and functions as a desirable
host material for sulfur cathode to endow lithium-sulfur batteries with high
capacity, long cycling life, and excellent rate performance. The accurate

stacking of the microcrystallites and dis-
ordered macrostructures thus far.l’! Such
disorderness inevitably affords diversi-
form morphology of organic frameworks
at macroscale, including belts,®! sheets,!!%
fibers,!'!l and cubes.["l The miscellaneous
morphology renders intractable issues, for
instance, heterogeneous contents, com-
plicated interfaces, reduced surface area,
and poor stability of organic frameworks,
which are undesirable for practical appli-
cations. Therefore, accurate morphology
control of organic frameworks is essential
for full demonstration of their advantages
and may bring extra benefits from a topo-
tactic perspective.

Hollow sphere (HS) is regarded as a

synthesis of POF-HSs demonstrates the highly controllable and versatile
morphology of organic framework materials beyond precise integration of
organic building blocks and represents infinite possibility of offering exotic
organic frameworks for chemistry, sustainable energy, and material science.

Organic frameworks represent an emerging family of advanced
materials that can be precisely controlled at the atomic level.[!
Directed by reticular chemistry, organic building blocks with
multifunctional groups are covalently linked into extended
periodic skeletons, perfectly replicating the predesigned
structures both chemically and geometrically.?) Since the first
report by Yaghi and co-workers,B3! organic frameworks dem-
onstrate versatile applications in catalysis,*! gas storage,’
optoelectronics,®  molecular separation,”] and energy
storage,l®l and therefore have attracted extensive attention
worldwidely.

Despite the well-defined chemical structure, morphology
control of organic frameworks remains perplexing and
difficult. The interactions of organic framework microcrystal-
lites are commonly noncovalent and weak, rendering random
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desirable morphology in many cases.['3!
Hollow spheres afford low density, large
surface area for active sites’ exposure, and
improved structural stability. In addition,
the inner hollow space allows the accom-
modation of guest contents to further
realize specific functions." For instance,
Zhao et al. reported hollow MXene spheres for electrochemical
sodium-ion storage,!’”! Sun and co-workers synthesized hollow
iron-vanadium composite spheres as water oxidation electro-
catalysts,!'l and many other hollow structured materials have
widely been applied in supercapacitors/batteries,!'”) electroca-
talysis,'® and drug delivery.["’)

Focused on organic frameworks, several pioneer works have
reported a self-templated fabrication of hollow spherical organic
frameworks by chemically adjusting the building blocks. Zhou
et al. designed a 3D triptycene scaffold to suppress the inter-
actions between monolayers, which further evolves into hollow
spheres.?%) Banerjee and co-workers synthesized the hollow
spheres based on an inside-out Ostwald ripening process.l!!
Further researches indicate the planarity of building blocks
and stacking efficiency contribute to the formation of hollow
spherical structures.?l However, the self-templated method
requires sophisticated organic building blocks and comprehen-
sive synthetic procedures, of which both limit the implemen-
tation in other generalized systems. Besides, the morphology
of these self-templated hollow spheres remains miscellaneous,
implying the inefficiency for controllable synthesis of organic
frameworks.

Template synthesis of organic frameworks offers a more uni-
versal and controllable pathway over the self-templated method
by contrast. Abundant hollow structures are fabricated by
introducing compatible templates as a pre-existing guide that
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Figure 1. The concept of hollow spherical organic frameworks. a) Sche-
matic for the synthesis of POF-HSs. The amplified image is the periodic
structure of single-layer POF. b) TEM image of POF-HS with the typical
hollow spherical morphology.

allows the morphology replicating of the given templates.l*!
For instance, hollow microporous organic networks served as
templates for fabrication of hollow Co;0,,** and Fe;0, hollow
spheres were synthesized using a quasiemulsion-templated
method.”) Organic frameworks are also proved to be compat-
ible with specific templates,/l and it is thereby highly expected
to replicate organic framework hollow spheres from these
properly chosen templates.

Herein, porphyrin organic framework hollow spheres
(POF-HSs) are fabricated using polystyrene (PS) microspheres
as the template. PS microsphere is a widely used template that
can be easily manufactured and removed.?”] POF, on the other
hand, is selected because of its well-defined structure, simple
synthetic methodology, and versatile functions. The as-synthe-
sized POF-HSs exhibit an explicit hollow spherical morphology
as well as identical chemical structure of POF. Both the void
size and shell thickness of POF-HSs are easily regulated to
afford various spherical hollow structures. By virtue of the
polar chemical structures and the hollow spherical morphology,
POF-HS is demonstrated as a favorable cathode host material
in lithium-sulfur (Li-S) battery applications as it contributes to
high capacity, long cycling life, and superior rate performance.

The synthetic routine of POF-HS is demonstrated in
Figure 1a. PS microspheres with a diameter of 500 nm were
selected as a proof-of-concept template to fabricate POF-HS
with moderate size and shell thickness (Figure S1, Supporting
Information). Typical synthesis of POF-HS involves an acid-
catalyzed nucleophilic addition of stoichiometric benzene-
1,4-dicarboxaldehyde and pyrrole to construct the porphyrin
skeleton on PS leading to the formation of PS@POF, and
subsequent removal of the PS templates by toluene treatment
resulting in the targeted POF-HS. POF solid spheres (POF-SSs)
were fabricated under otherwise identical conditions without
PS template as the control sample.

Fourier-transformed infrared spectrometry was carried out
to evaluate the completeness of the fabrication of POF-HS. As
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demonstrated in Figure S2a in the Supporting Information, the
carboxyl adsorption band at 1700 cm™ is obviously reduced,
indicating full conversion of the precursors into POF by dehy-
dration. Other adsorption bands at lower wavenumbers are
assigned to the stretching vibration and backbone deformation
as intrinsic signals of POF.1?8 No characteristic adsorption band
of PS was observed, implying the PS templates are completely
removed (Figure S2b, Supporting Information). The structure
of the resultant POF was elucidated by X-ray diffraction. Both
POF-SS and POF-HS afford intense diffraction peaks at 13°
(Figure S3, Supporting Information). The diffraction peaks
manifest the intrinsic ordered structure of POF distinguished
from amorphous polymers.

Transmission electron microscopy (TEM) image of POF-HS
exhibits a hollow spherical contrast with bright inner space and
dark outer shell (Figure 1b and Figure S4a, Supporting Infor-
mation). The inner diameter and the thickness of POF-HS are
estimated to be 500 and 40 nm, respectively, in agreement with
the size of PS templates. The POF spheres are intact, discrete,
and monodisperse (Figure S4b, Supporting Information). The
high-resolution TEM image demonstrates a sheet morphology
at the edge (Figure S4c, Supporting Information). The exotic
2D morphology is attributed to the intrinsic layered structure
of POF-HS herein. Without the guidance of PS template, POF
stacks into dense and solid spheres proved by the homogeneous
contrast in the TEM image of POF-SS (Figure S5a, Supporting
Information). POF-SS is uneven in size and rough at the edge
with a diameter range of 1.0-3.0 um (Figure S5b, Supporting
Information). However, POF-SS exhibits similar sheet mor-
phology as POF-HS at the edge, implying the shared micro-
structure of layered POF (Figure S5c, Supporting Information).

Element analysis was performed using X-ray photoelec-
tron spectroscopy (XPS) and energy-disperse X-ray spectrom-
eter (EDS). POF-HS exhibits an evident N content of 8.4 at.%
and 9.7 at.% determined by XPS and EDS, respectively (Figure 2a
and Figure S6a, Supporting Information). High-resolution N 1s
XPS spectrum of POF-HS demonstrates pyrrolic N at 400.1 eV
as the dominant N species with a fraction of 91.9% (Figure 2a,
inserted). Other N species (refer to pyridinic N at 398.5 eV, quater-
nary N at 401.2 eV, and absorbed N at 405.6 eV) are negligible.*’!
The dominant pyrrolic N content is reasonable considering the
pyrrole substrate and indicates the organic functional groups
remained stable during synthesis. Further element mapping
in Figure 2b demonstrates not only the uniform distribution of
C and N but also the hollow morphology of POF-HS. The element
contents of POF-SS are similar to POF-HS because of the same
building blocks (Figures S6b and S7, Supporting Information).

The specific surface area of POF-HS is 304 m? g™! using
the multipoint Brunauer—-Emmett-Teller method and approxi-
mates to that of 303 m? g™' of POF-SS (Figure 2c). However,
the nitrogen isotherm of POF-HS exhibits a significant rise at
a high relative pressure, suggesting the macropore structure
derived from the hollow interior. The quenched solid density
function theory model was employed to analyze the pore
structure. Compared with POF-SS, POF-HS exhibits a pore
size distribution similar at the range from 1 to 10 nm but very
different over 10 nm, featuring more abundant mesopores
and macropores (Figure 2c, inserted). The pore volume of
POF-HS is also higher than that of POF-SS, being 0.775 and
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Figure 2. Characterization of POF-HS. a) XPS survey and inserted high-resolution N 1s XPS spectrum of POF-HS. b) TEM image and corresponding
EDS mapping of POF-HS. c) N, sorption isotherms and inserted pore size distribution of POF-HS and POF-SS.

0.303 cm? g7, respectively. These features are attributed to the
superior hollow interior of POF-HS over POF-SS.

The successful fabrication of hollow spherical POF encour-
ages further morphology regulation to demonstrate the con-
trollability and versatility of this synthetic strategy. Herein, the
void size and the shell thickness are selected as two key param-
eters for morphology regulation, which are adjusted by simply
altering relevant synthetic conditions. The void size is regulated
by changing the size of PS templates. Using a PS template with
a diameter of 0.10 pm, small POF-HS (named as s-POF-HS) was
fabricated (Figure S8a, Supporting Information). TEM images
of s-POF-HS exhibit an inner diameter of =100 nm in extremely
good accordance with the size of the PS templates (Figure 3a
and Figure S8b, Supporting Information). The shell thickness
is 20 nm (Figure S8c, Supporting Information) and the N con-
tent of is 11.1 at.%, similar to that of POF-HS (Figure S8d, Sup-
porting Information). A larger PS template with the diameter of
4.5 um was also applied (Figure S9a, Supporting Information),
resulting in large POF-HS (named as -POF-HS, Figure S3c)
with a robust structure and a diameter of =4.7 um. The edge
is intact without collapse (Figure S9b, Supporting Information)
and the shell thickness is 80 nm (Figure S9¢, Supporting Infor-
mation). Taking account of the original POF-HS (Figure 3b),
size regulation is proved to be highly effective with the hollow
interior exactly duplicated from various PS templates.

Shell thickness regulation was performed by changing
the mass ratio of POF substrates to PS templates. With less
substrates added but the same PS templates as in the case of
POF-HS synthesis, flimsy POF-HS (named as f-POF-HS) was
fabricated. The diameter of f-POF-HS was unchanged (Figure 3d,
inserted, and Figure S10a, Supporting Information). However,
the shell thickness is prominently decreased to 20 nm (Figure 3d).
The spherical morphology is partially deformed because of
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the thin shell (Figure S10b, Supporting Information), but the
hollow spheres are unbroken with intact edges (Figure S10c,
Supporting Information). Thick-shell POF-HS (named as t-POF-
HS) was synthesized with more POF precursors. The shell thick-
ness increases to 60 nm and the diameter maintains as 500 nm,
which is in agreement with the size of PS templates (Figure 3f
and Figure S1la, Supporting Information). Thicker shell of
POF-HS renders perfect replication of spherical morphology
and layer stacking of POF building blocks (Figure S11b,c,
Supporting Information). The above series of POF-HSs with
varied shell thicknesses further indicate that the morphology of
POF can be rationally regulated using modified synthetic routines
to afford diversiform POF-HSs for energy storage applications.

Considering the conjugated porphyrin units with polar
chemical structures and the unique hollow spherical mor-
phology, POF-HS was applied in Li-S batteries as the host
material of S cathodes. Li-S batteries feature high specific
energy of 2600 Wh kg!, natural abundance, low cost, and
nontoxicity of sulfur, making Li-S batteries as promising next-
generation energy storage devices.**! However, challenges of S
cathodes strongly postpone the practical applications of Li-S
batteries. The dissolution of polysulfide intermediates as well
as their poor interaction with typical nonpolar hosts such as
carbon render notorious shuttling of polysulfides and great
volume change through phase migration.l’!] Therefore, the
capacity of practical Li-S batteries dramatically decays during
cycling, along with other issues such as reduced Columbic
efficiency (CE) and poor rate performance.

Rational design and selection of the host material is sig-
nificant for constructing effective S cathodes with suppressed
shuttle effect and alleviative volumetric change. Hollow
spherical materials with polar chemical structures are highly
considered as favorable host materials due to dual confinement
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Figure 3. Morphology characterization of POF-HSs varying in void size and shell thickness. TEM images of a) s-POF-HS and b) POF-HS. c) Scanning
electron microscope (SEM) image of I-POF-HS. TEM images of d) f-POF-HS, e) POF-HS, and f) t-POF-HS, respectively. Scale bars in the inserted

TEM images are 100 nm.

effects.?? On one hand, polar functional groups possess suf-
ficiently strong binding capability to anchor polar polysulfides
through intermolecular chemical interactions.l**l The adsorbed
polysulfides are therefore immobilized at the cathode and the
shuttling is suppressed. Nitrogen-doped carbon,4 inorganic
additives,’” and polar polymersl3®l constitute typical exam-
ples according to the principle. On the other hand, the inner
space of hollow spheres accommodates sulfur and tolerates
the volumetric changes during cycling.?” Simultaneously, the
hollow structure sterically retards the outward leakage of poly-
sulfides.*® The two combined features contribute to synergistic
dual confinements to polysulfides, benefiting the suppression
of shuttle effect and high utilization of sulfur.

POF-HS with polar chemical structures and hollow spherical
morphology therefore fully satisfies the above requirements
for superior S hosts. Visualized adsorption of polysulfides
was carried out to evaluate the adsorption of polysulfides by
various host materials. Carbon black (CB) serves as the control
sample with neither polar structures nor hollow morphology.
As predicted, the solution of polysulfides quickly decolored
with POF-HS hosts but exhibited no change with regard to
CB, implying the strong anchoring of polysulfides by POF-HS
(Figure 4a). The abundant pore structures of POF-HS endow
effective S diffusion and successful fabrication of the POF-
HS/S cathode. The physical accommodation of sulfur within
POF-HS was illustrated as neither discrete S nor structural col-
lapse of POF-HS was observed (Figure S12, Supporting Infor-
mation), and element mapping unambiguously demonstrates
the S content uniformly distributed in the same area as C and
N (Figure S13, Supporting Information). These results corpo-
rately indicate the compatibility of POF-HS to accommodate
sulfur and further suggest POF-HS as an efficient sulfur host
for high-performance Li-S batteries.
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The electrochemical redox features of POF-HS/S cathode
were characterized using cyclic voltammetry. The redox peaks
of 2.0 and 2.3 V during discharging and 2.3 and 2.4 V during
charging indicate effective electrochemical reactions of active
species within the POF-HS/S cathode (Figure S14, Supporting
Information). The cycling performance was evaluated at the cur-
rent density of 0.5 C (1.0 C = 1672 mA g') and the S loading was
1.1 mg cm™2 (Figure 4b). Galvanostatic discharge—charge profiles
of the first cycle demonstrate two plateaus and a high initial
capacity of 955 mAh g! for the POF-HS/S cathode (Figure S15,
Supporting Information). Despite close initial capacity, the POF-
HS/S cathode exhibits superior stability over the CB/S cathode
with higher capacity and CE after cycling. The POF-HS/S
cathode maintained a capacity of 773 mAh g! while the capacity
of CB-based one quickly decayed to 477 mAh g after 200 cycles.
In addition, the CE of the POF-HS/S cathode was stable and
close to 100%, suggesting the effective suppression of polysulfide
shuttling. On the contrary, the CB/S cathode only afforded a
reduced CE of 95% at the 200th cycle because of the nonpo-
larity of CB and its poor interaction with polysulfides. Despite
the similar resistance features before cycling, the cell with CB/S
cathode exhibits much higher charge transfer resistance than
that of the POF-HS/S cathode after cycling, indicating better
stability of the POF-HS/S cathode (Figure S16, Supporting Infor-
mation). To further prove the shuttle inhibition toward Li metal
anodes, morphology characterization of the anodes was evalu-
ated after cycling. The surface of Li metal anodes with the POF-
HS/S cathode is smooth and uniform (Figure S17, Supporting
Information). In contrast, significant corrosion of Li metal
anodes was observed with abundant Li dendrites for the CB/S
cathode, indicating the polysulfide shuttling is effectively sup-
pressed with the POF-HS host from another aspect. The superior
stability of POF-HS/S cathode is attributed to the unique polar
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Figure 4. Electrochemical performance of POF-HS/S and CB/S cathodes.

Capacity (mAh g')

a) Visualized adsorption of polysulfides with POF-HS or CB after 24.0 h.

b) Cycling performance at the current density of 0.5 C. c) Rate performance and d) corresponding galvanostatic discharge—charge profiles at 4.0 C. The

sulfur loading is 1.1 mg cm™ for all the measurements.

structure and hollow morphology of POF-HS that provide
favored microenvironments to immobilize polysulfides. The
dual effects of chemical adsorption and physical accommodation
promote the overall performance and confirm the superiority of
POF-HS as the S host.

The rate performance of POF-HS- and CB-based S cathodes
is characterized to evaluate the reaction kinetics of S. With
the enhancement of current density, the capacity difference
between POF-HS/S and CB/S cathodes becomes increasingly
noteworthy (Figure 4c). Capacities of the POF-HS/S cathode
remained stable at higher rates (870, 830, and 800 mAh g! at
1.0, 2.0, and 4.0 C, respectively). In contrast, the CB/S cathode
cannot sustain high-current-density operation and its capacities
decayed to 650, 590, and 250 mAh g! at 1.0, 2.0, and 4.0 C,
respectively. Especially at 4.0 C, the POF-HS/S cathode still
performed two extinct discharge plateaus, which unfortunately
cannot be observed for the CB/S cathode (Figure 4d). Again,
the POF-HS contributes to suppressing shuttling, propel-
ling S reactions, relieving volumetric change, and ultimately
improving the all-around performance of Li-S batteries.

In summary, hollow spherical porphyrin organic frameworks
were fabricated following a template method. POF-HS exhibits
explicit framework structures of 2D POF layers and control-
lable morphology of hollow spheres with varied void size and
shell thickness. POF-HS functions as a desirable host mate-
rial for S cathode in Li-S batteries, rendering high capacity,
long-term stability, and excellent rate performance. The dual
effects of chemical adsorption and physical accommodation of
polysulfides, which are derived from the intrinsic polar nature
and topological hollow structure of POF-HS, account for the
enhancement in electrochemical performance of as-modified
Li-S batteries. The accurate synthesis of the series of POF-HSs
demonstrates the highly controllable and versatile morphology

Adv. Mater. 2018, 1707483 1707483

of organic framework materials beyond chemical integration
of organic building blocks and represents infinite feasibility of
creating organic framework materials with precise nanostruc-
tures toward sustainable chemistry and material science.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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