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A new strategy for controlled synthesis of a MOF composite with a core—shell structure, ZIF-8@resorcinol-
urea—formaldehyde resin (ZIFQRUF), is reported for the first time through in situ growth of RUF on the
ZIF-8 nanoparticles via an self-assembly process by
hexamethylenetetramine as a formaldehyde-releasing source to effectively control the formation rate of
RUF, providing the best opportunity for RUF to selectively grow around the nucleation seeds ZIF-8.

surface of organic—organic using

Compared with the widely reported method for MOF composite synthesis, our strategy not only avoids
the difficulty of incorporating MOF crystals into small pore sized materials because of pore limitation, but
also effectively guarantees the formation of a MOF composite with a MOF as the core. After
carbonization, a morphology-retaining N-doped hierarchical porous carbon characterized by its highly

developed microporosity in conjunction with ordered mesoporosity was obtained. Thanks to this unique
Received 19th April 2018 . B hell struct d signif il h d it imult
Accepted 5th June 2018 microporous core—mesoporous shell structure and significantly enhanced porosity, simultaneous
improvements of CO, adsorption capacity and kinetics were achieved. This strategy not only paves

DOI: 10.1038/¢8ra03349h a way to the design of other core-shell structured MOF composites, but also provides a promising
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1. Introduction

Metal-organic frameworks (MOFs) have attracted tremendous
attention and have intriguing potential applications in gas
storage,' catalysis,*® optoelectronic devices,”” and separa-
tion®® because of their high surface area, high adsorption
affinity, and diverse structures with various pore shapes, sizes,
volumes, and surface chemistry owing to the diversity of
metallic centers and organic ligands. However, the weak
stability of most MOFs upon exposure to water and high
temperature and the difficult shaping of fine powders of
synthesized MOFs limit their practical applications.'*** As one
of the most promising adsorbents for CO,, MOFs have shown
more excellent adsorption and separation capability than
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method to prepare capacity- and kinetics-increased carbon materials for CO, capture.

zeolites, activated carbons, and mesoporous silica/carbon.***”

Unfortunately, the porosity of MOFs is often not fully utilized
during adsorption process due to the weak interactions between
pore walls and gaseous adsorbates owing to their fully open
pore space and low density of atoms in structure.’*>* Consid-
ering these drawbacks, hybridizing MOFs with porous supports
such as silica,® carbon nanotubes,**?* carbon nanofibers,>
graphite oxide,'®** mesoporous carbon,”” and activated carbon*®
have been reported to result in new and/or modified properties
to circumvent these limitations. These MOFs composites
indeed overcome some drawbacks of MOFs and provide better
properties due to the existence of synergies between the indi-
vidual components, such as improved hydrothermal stability,
thermal stability and adsorption capacity and selectivity.

Until now, a wide variety of methods for the preparation of
metal nanoparticle/MOF composites have been developed, such
as solution infiltration method, vapor deposition and solid
grinding.**~** However, as far as combining traditional porous
materials with MOFs into one construct is concerned, there is
almost only one way reported in the literatures, that is,
immersion of pre-synthesized porous substrates into the MOF
precursor solution, followed by procedures that promote MOFs
growth in the cavity and/or on the surface of the porous
supports.>>®* However, the particle sizes of MOFs (generally
from hundreds of nanometers to several microns) are far much
larger than the pore sizes of most porous supports, therefore,
MOFs generally tend to grow on the outer surface of porous

This journal is © The Royal Society of Chemistry 2018
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materials rather than in the restricted pore channels, resulting
in the formation of MOF composites with supports incorpo-
rated into MOFs (Support @ MOF),'***32-34 that is, MOFs are still
exposed, and the hybrid porous materials couldn't offer an
effective protection effect for improving MOFs hydrothermal
stability. In some worse cases, the so-called MOF composites are
actually physical mixtures, in which MOFs and porous supports
existed separately due to lack of proper chemical interac-
tions,?”**%3¢ and thus the hybrid materials were not shown to
exhibit any combined characteristics of the two components.
Recently, X. C. Chen et al. and P. Pachfule et al. reported the
incorporation of MOF-5 particles into functionalized nanotubes
and nanofibers,”** respectively, using the above mentioned
method. However, the nanotube and nanofiber substrates
required pre-functionalization in highly concentrated HNO;,
making the synthesis more complicated. Besides, the MOF-5
particles are not exclusively confined into the porous pores of
substrates in these two systems. In other words, the obtained
MOF-5 composites are actually the MOF @ Support @ MOF
composites. Although the successful and exclusive doping of
MOF-5 into mesoporous SBA-15 without pre-functionalization
has been recently reported,** unevenly incorporation of MOF-5
into SBA-15 are obtained, more seriously, the provided
evidences for supporting the incorporation of MOF-5 into SBA-
15 pore channels are not sufficient because the observed Zn
signal in the EDX scans of mesoporous region of SBA-15 is likely
to originate from the adsorbed Zn** ions by hydroxyl groups of
SBA-15 and/or the basic structural building units of Zn,O.
Therefore, a facile and highly effective strategy for fabricating
MOF composites with MOF exclusively embedded in porous
supports (MOF @ Support) is urgently desired.

Alternatively, MOFs were recently employed as precursors for
fabrication of porous carbon materials. For the type of Zn-based
MOFs, ZnO generated from pyrolysis of Zn-based MOFs, well-
known as a carbon activation agent, plays an important role of
in situ self-activation during conversion of MOF to carbon
materials at high temperatures. At the same time, metallic Zn
generated via reduction by carbons subsequently evaporates,
which may play a potential role in the formation of additional
porosity. This is to say that if a “soft” material, such as polymers,
can be well-designed to coat on Zn-based MOF particles to form
MOF®@polymer composites, the escaped Zn from inside will
further pass through shell during their carbonization process,
inevitably creating new pores in the shell material. Therefore,
attaching a polymer onto the surface of Zn-based MOFs to form
MOF®@Support composite is a good design for the preparation of
highly porous carbon materials with enhanced porosity.

Herein, taking the synthesis of core-shell structured ZIF-
8@resorcinol-urea-formaldehyde resin composite (ZIF@RUF) as
an example, we present a new and universal synthetic strategy for
the preparation of MOF composites for the first time. Unlike most
of the reported literatures, our approach relies on the direct
introduction of RUF precursors to the solution containing highly
dispersed ZIF-8 particles to allow in situ polymerization and
condensation of RUF resin on the surface of ZIF-8 particles via an
organic-organic self-assembly method. To achieve the precise
encapsulation of ZIF-8 into RUF shell material, a slow releasing
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source of formaldehyde, hexamethylenetetramine, was rationally
employed to avoid the formation of RUF in the bulk solution,
thereby providing the best opportunity for RUF growth around ZIF-
8 particles as nucleation seeds to form MOF composites with ZIF-8
as the exclusive core. In addition, a morphology-preserved hierar-
chically porous N-doped carbon material (ZIFC@RUFC) with
microporous core and mesoporous shell and significantly
enhanced CO, capture performance than the individual counter-
parts can be directly derived from the obtained ZIF@RUF
composite through a simple carbonization process under N,
atmosphere, which demonstrates a promising way to prepare
porosity-enhanced porous carbon materials by employing the in
situ self-activation of ZnO nanoparticles and the escape of Zn
atoms.

2. Experimental
2.1 Chemicals

Triblock copolymer Pluronic F127 (M,, = 12 600) was purchased
from Sigma-Aldrich Co. 2-Methylimidazole (98%), zinc nitrate
hexahydrate (99.99%), resorcinol (AR), hexamethylenetetramine
(HMT, 99.0%), urea (AR), and ammonia solution (28-30%) were
supplied by Aladdin Industrial Co. All chemicals were used as
received without further purification.

2.2 Synthesis procedures

ZIF-8 was synthesized according to the following procedure:
0.733 g of Zn(NO;),-6H,0 was dissolved in 20 mL of deionized
water, and 6.488 g of 2-methylimidazole was dissolved in 80 mL
of water separately. The above two solutions were mixed and aged
at room temperature for 2 h. After 2 h, white ZIF-8 particles were
collected by filtration, washed with water, and dried at 80 °C for
24 h. ZIF-8-derived carbon material (denoted as ZIFC) was ob-
tained by carbonizing ZIF-8 particles at 800 °C for 5 h with
a heating rate of 2 °C min~' under nitrogen atmosphere. Char
yield (CY) of ZIF-8 is about 50.1 wt%.

RUF resin was prepared by a self-assembly route according to
previous publication.*” In a typical synthesis, 2.2 g of F127,1.1 g
of resorcinol, 0.7 g of HMT, and 2.0 mL of ammonia solution
were mixed in 54 mL of deionized water. After stirring for 1 h at
room temperature, 0.6 g of urea and 0.35 g of HMT were added.
The obtained solution was further treated at 80 °C for 24 h.
Finally, the solid products were collected by filtration, washed
with water, and dried at 100 °C for 24 h. RUF resin-derived carbon
(denoted as RUFC) was also obtained following similar carbon-
ization procedure to that of ZIF-8 with a CY of ca. 23.7 wt%.

For the synthesis of ZIF@RUF, 0.35 g of ZIF-8 particles was
dispersed into 54 mL of deionized water through stirring and
ultra-sonication. Afterwards, 2.2 g of F127, 1.1 g of resorcinol,
0.7 g of HMT, and 2.0 mL of aqueous ammonia were added into
the ZIF-8-containing solution. After 1 h stirring, 0.6 g urea and
0.35 g HMT were added, and then the final solution was aged at
80 °C for 24 h to complete the in situ condensation, polymeri-
zation, and growth of RUF resin on the surface of ZIF-8.
ZIF@RUF composite was obtained after filtration, washing,
and drying. After carbonization of ZIF@RUF composite at
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800 °C for 5 h under nitrogen atmosphere, ZIF@RUF-derived
carbon, referred to ZIFC@RUFC, was further obtained with
a CY of 23.7 wt%. The schematic fabrication process of
ZIF@RUF and ZIFC@RUFC are illustrated in Fig. 1.

For comparison, a physical mixture of ZIF-8 and RUF, denoted
as ZIF-RUF, was also prepared by thoroughly mixing and grinding
ZIF-8 and RUF with identical composition of ZIF@RUF.

2.3 Characterization

N, sorption isotherms were measured at 77 K on Micromeritic
ASAP 2040. Before sorption measurement, sample was degassed
at 250 °C for 24 h under vacuum to remove any adsorbed
impurities. The specific surface area (Sgrr) and total pore volume
(Vo) was calculated by using the Brunauer-Emmett-Teller (BET)
method and the adsorbed amount of N, at relative pressure
>0.995, respectively, while the micropore area (Sp,;.) and micro-
pore volume (Vy,;c) were estimated by the ¢-plot method, and the
pore size distribution (PSD) curves were obtained by the none
local density functional theory (NLDFT) with slit and cylindrical
geometries. X-ray diffraction (XRD) patterns were collected using
a Bruker D8 diffractometer, and morphology and structure of the
obtained samples were investigated by scanning electron
microscopy (SEM) on a SUPRRA 55 equipment. Transmission
electron microscopy (TEM) was performed on JEOL 2100F.
Nitrogen content and surface chemistry of N-doped samples were
measured by CHN analyzer and X-ray photoelectron spectroscopy
(XPS) technique using a quantum 2000 electron spectrometer.
CO, sorption isotherms at 25 °C from 0 to 1 bar were conducted
on a Micromeritics ASAP 2020 instrument, while CO, adsorption
kinetics at 35 °C and 1 bar were carried out on a TGA Q50 thermal
gravimetric analyzer as follows: ca. 20 mg of sample was loaded in
a platinum pan, heated at 300 °C for 3 h with a heating rate of
5°C min~ ' under a He atmosphere with 100 mL min~*. When
the temperature was cooled to the target temperature (35 °C in
our study), CO, was immediately introduced to the sample by
switching He to CO, until complete adsorption saturation.
Besides, the thermal analysis of samples was performed using
a thermogravimetric analyzer (STA 449 F3, Netzsch) in N, atmo-
sphere with a heating rate of 5 °C min".

3. Results and discussion

Fig. 2 shows wide angle XRD patterns of the as-prepared ZIF-8,
RUF, and their composite ZIF@RUF. ZIF-8 shows the same
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Fig. 1 Synthesis of ZIFQRUF and ZIFC@QRUFC.
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characteristic peaks with the simulated ZIF-8.*®* The well-
resolved peaks imply the high crystallinity of the ZIF-8 sample
obtained in this work, while RUF is an amorphous material
indicated by the exclusive and broad peak at ca. 21°. As ex-
pected, ZIF@RUF sample shows both peaks characteristic for
ZIF-8 and RUF, indicating the formation of a hybrid material.
Although the physical mixture ZIF-RUF also exhibits a similar
XRD pattern to that of ZIF@RUF (Fig. S1t), the considerably
stronger intensity of ZIF-RUF suggests distinctive structures. In
the subsequent study, it was confirmed that the lower intensity
of ZIF-8 characteristic peaks in ZIF@RUF was caused by the
complete encapsulation of ZIF-8 into the RUF frameworks.

To investigate the structural variation of the samples, SEM
images were collected. As shown in Fig. 3A and S2,f ZIF-8
particles obtained in our study showed an spherical
morphology with uniform diameters of ca. 1-2 pm, meanwhile,
a rough outer surface along with an interconnected reticular
inner structure were observed. It can be seen that the ZIF-8
spheres are composed of ZIF-8 nano-sheets, which can be evi-
denced from TEM images of the small fragments in Fig. S2.7
SEM images of RUF in Fig. 3B and S31 showed that RUF parti-
cles possess a uniform prism structure of several micrometers
in size. Besides, on the surface of RUF sample, regularly sulcate
stripes are clearly visible, which may be indicative of regular
alignment of pore structures in RUF. Interestingly, after incor-
porating of ZIF-8 into RUF, the ZIF@RUF composite unexpect-
edly showed an entirely different morphology from the
individual counterparts of ZIF-8 and RUF. As shown in Fig. 3C,
ZIF@RUF composite exhibited a polyhedral spherical shape.
This shape is somewhat similar to that of ZIF-8 particles, but
still with some difference and the surface of ZIF@RUF with
some visible deep stripes is extremely similar to that of RUF.
Thus, we preliminary expected that ZIF-8 particles were
embedded into RUF so as to form the unique morphology with
the similar shape of ZIF-8 and the similar surface of RUF.
Further investigations of ZIF@RUF SEM images in Fig. S47
revealed that ZIF-8 spheres cannot be found any more from the
panoramic view, this demonstrates that all the ZIF-8 particles
were totally embedded into RUF. These results convinced us
that the in situ growth of RUF on the surface of ZIF-8 spheres
results in the encapsulation of ZIF-8 by the RUF frameworks and
lead to the formation of a core-shell structure: ZIF-8 serves as
the core and the RUF serves as the shell. Due to the weak
textural properties of RUF and ZIF@RUF (Sggr: 0.25 and 0.12 m?

ZIF@RUF ZIFC@RUFC

This journal is © The Royal Society of Chemistry 2018
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Fig. 2 Wide angle XRD patterns of ZIF-8, RUF and ZIF@QRUF.

g™, respectively), carbonization of RUF and ZIF@RUF at high
temperature 800 °C were carried out to remove the template
F127 to further activate the occupied pores. As shown in Fig. 3D,
E, and F, after the high temperature thermal conversion to
carbon, the original morphology and shape of ZIF-8, RUF, and
ZIF@RUF samples were well retained in their corresponding
carbon materials, indicating good morphology stability of
ZIF@RUF, ZIF-8, and RUF samples.

Fig. 4 reveals the wide-angle XRD patterns of the carbonized
samples. It is clearly that after carbonization at 800 °C in N,
atmosphere, similar patterns were obtained for all the samples,
where one broadened reflection at 20 = 24° and another rela-
tively weak peak at 20 = 44° were found, these peaks can be

View Article Online
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assigned to the (002) and (100) reflection planes of disordered
graphitic carbon, respectively.**** Interestingly, no character-
istic diffraction peaks of Zn-related species, originated from the
thermal decomposition of ZIF-8, are visible in the patterns of
ZIFC and ZIFC@RUFC. This might be because most of the
generated ZnO from the pyrolysis of ZIF-8 are small in size and
bearing high reactivity, therefore could be easily reduced by
carbon into metallic Zn (ZnO + C = Zn + CO), the latter partially
evaporates at the high temperature (800 °C) due to its low
boiling point (907 °C).** This explanation can be confirmed
from the XRD pattern (Fig. S51) of a comparison sample ZIFC-
600 prepared by pyrolyzing ZIF-8 at 600 °C, where very distinct
and high-intensity characteristic peaks of ZnO are observed. On
the other hand, it should be noted that there are still trace
amount of residual ZnO particles left in the inner pores.
However, the amount is too low to be detected by XRD because
of the deep encapsulation by carbon, which was subsequently
supported by TEM and XPS analysis.

Fig. 5 represents the TEM images of ZIFC, RUFC, and the
ZIFC@RUFC composite. All these samples inherit the nano-
architecture of their precursors (Fig. 5A, D, and G). As shown by
TEM images of ZIFC in Fig. 5B and C, amorphous porous
carbon was generated through the pyrolysis of ZIF-8, and
meanwhile, trapped ZnO domains also existed in the porous
carbon matrices with the interplanar spacing of 0.248 nm and
0.281 nm, which can be indexed as the (101) and (100) lattice
spacing of ZnO (JCPDS no. 89-1397), respectively. This result,
indicating the presence of ZnO in ZIFC, combined with the
analysis result of the XRD pattern of ZIFC where no character-
istic peaks of ZnO were observed, indicated that the content of
ZnO in ZIFC sample is very low, and demonstrated again that
most of the generated ZnO species were reduced by carbon into

Fig. 3 SEM images of ZIF-8 (A), RUF (B), and ZIF@RUF (C), and their corresponding carbonized sample ZIFC (D), RUFC (E), and ZIFC@QRUFC (F).
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Fig. 5 TEM images of ZIFC (A-C), RUFC (D-F) and ZIFC@RUFC (G-I).
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evaporable Zn atoms at high temperature, and only trace
amounts of ZnO particles survived due to strong encapsulation
by carbon frameworks. For the RUFC sample, highly ordered
arrangement of porous structure is clearly observed similar to
previous literatures (Fig. 5E and F),*»* this can be attributed to
the controlled release of formaldehyde by HMT, which in turn
influenced the condensation/polymerization kinetics of
resorcinol-urea-formaldehyde resin (RUF). In Fig. 5H and I,
ordered stripe-like pore arrangements are also observed in the
TEM images of ZIFC@RUFC, which can be reasonably related to
the mesoporous structure of RUFC, as we demonstrated in the
above that all the ZIF-8 particles were fully coated by RUF.
Together with the TEM images of ZIFC@RUFC displayed in
Fig. S6,T the above results further demonstrated the core/shell
structure of ZIFC@RUFC composite.

In order to further investigate the mesostructure of RUFC
and ZIFC@RUFC, small angle XRD measurements were carried
out. Fig. 6 depicts the patterns of RUFC and ZIFC@RUFC
samples as well as the sample ZIFC as a comparison. Due to the
disordered amorphous nature of ZIFC, no diffraction peaks

50 nm
E—

This journal is © The Royal Society of Chemistry 2018
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Fig. 6 Small angle XRD patterns of ZIFC, RUFC, and ZIFC@QRUFC.

were observed for the ZIFC sample. For RUFC, three well-
resolved peaks (260 = 1.18°, 1.61° and 1.94°) and one weak
peak (26 = 2.45°) were obtained, indicating again the highly
ordered mesostructure of RUFC. The reciprocal d-spacing
values of these reflection peaks follow the relationship of
1:+/2:4/3: /4, and thus can be indexed as (110), (200), (211)
and (220) reflections, associated with the body-centered cubic
structure, similar to the early reports.*”**»* Similarly, the ZIF-
C@RUFC sample also possesses the ordered mesostructure,
indicated by one well-shaped reflection peak (26 = 1.03°) and
three weak peaks (26 = 1.44°, 2.06°, and 2.23°). However, the
significant decrease in peaks intensity of the ZIFC@RUFC
sample indicates that the mesostructure of ZIFC@RUFC is less
ordered than that of RUFC sample probably due to the presence
of ZIFC core. Moreover, the corresponding peaks are shifted to
lower angle, implying incorporation of ZIF-8 into RUF frame-
works caused a substantial expansion of the mesostructures of
RUFC, which coincides with the pore size diameter of RUFC (3.6
nm) and ZIFC@RUFC (4.7 nm) estimated from TEM images.
To assess the textural properties of the prepared carbons, N,
adsorption—desorption isotherms were acquired and summa-
rized in Fig. 7A. A type-l isotherm was observed for ZIFC,
implying its microporous structure, meanwhile, the co-
existence of minor mesoporosity can be confirmed by the
noticeable hysteresis, probably arising from the voids formed
after the removal of ZnO. These results are identical with its
corresponding pore size distribution curve (Fig. 7B), where ZIFC
is characterized by an overwhelming majority of micropores
together with a few mesopores. Different from ZIFC, RUFC
shows a type-IV isotherm with a clear capillary condensation
steps and an obvious H2-type hysteresis loop at the region of p/
p° = 0.4-0.5, corresponding to a mesostructure with a narrow
mesopore distribution. At the same time, a sharp increase of N,
uptake at low pressures, comparable to that of ZIFC, indicates
the highly developed micropores in the RUFC matrix. The cor-
responding PSD of RUFC in Fig. 7B reveals several maxima in
the micropore range below 2 nm and one narrow peak from the
primary mesopores with 3.3 nm, which is in good agreement

This journal is © The Royal Society of Chemistry 2018
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Fig. 7 Nitrogen sorption isotherms (A) and NLDFT pore size distri-
butions (B) of ZIFC, RUFC, and ZIFC@QRUFC. The pore size distributions
are offset vertically by 0.04 and 0.08 cm® g~* nm™! for RUFC and
ZIFC@RUFC, respectively.

with the estimated mesopore size value of RUFC (3.6 nm) from
the TEM images. The micropores are assumed to be generated
by both the pyrolysis of the resin frameworks and the removal of
embedded PEO segments from the pore walls, while the mes-
opores were generated from the decomposition of surfactant
F127. ZIFC@RUFC exhibited typical type-IV curves similar to
that of RUFC as can be reasonably deduced, implying the
mesoporous characteristic of the sample. However, unexpect-
edly, compared with the individual counterparts, the N, uptake
of ZIFC@RUFC is dramatically higher, indicating the signifi-
cantly enhanced textural properties such as specific surface area
and pore volume. For example, as listed in Table 1, the ZIF-
C@RUFC composite exhibited a high surface area of 982 m?>
g ', increased by 38% and 52% as compared with ZIFC and
RUFC, respectively. Similarly, the total pore volume was 73%
and 84% higher than that of ZIFC and RUFC samples, respec-
tively. This reveals the presence of a remarkable synergetic
effect between the two components of the composite. From
a theoretical point of view, it is interesting to compare the
measured values of the composite structural parameters with
a “hypothetical” mixture, namely the physical mixture of ZIFC

RSC Aadv., 2018, 8, 21460-21471 | 21465
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Table 1 Textural properties of ZIFC, RUFC and ZIFC@QRUFC composite
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N content/%

Sample Sppr’/m? g ! Smic//m? g~! Vlem?® g Vinic fem® g~ D%nm CHN XPS
ZIFC 713 603 0.41 0.31 — 7.52 7.12
RUFC 647 411 0.38 0.21 3.3 1.32 1.37
ZIFC@RUFC 982(659)° 612(445)° 0.70(0.39)° 0.32(0.23)° 4.1 1.39 1.49

“ surface areas calculated using the BET equation in the relative pressure range of 0.05-0.30. > Microporous surface areas and micropore volumes
calculated using the ¢-plot method in the thickness range of 0.4-0.6 nm. ¢ Single point total pore volumes determined from the N, uptakes at relative
pressures >0.995. ¢ Mesopore diameters at the maxima of PSD curves. ° The numbers in brackets are the correspondingly “hypothetical” textural

parameters.

and RUFC. These “hypothetical” parameters can be calculated
according to eqn (1)—(4) in the following:

1)

X, = Xzire X Wizipc” + Xrurc X WtRUrco

wt 0 — WtRUF(y() X CYRUF (2)
RUFC WtZ]F(yo X CYZ]F + WtRUFO/O X CYRUF

WtZIF(VO =1- WtRUF%

(3)
(4)

WtZ]FC(VO =1- WtRUFC%

where Xirc, Xrurc, and X,, are any parameters such as surface
area, pore volume, micropore surface area and micropore
volume for ZIFC, RUFC, and the “hypothetical” mixture,
respectively. wtzirc% and wtryrc% are the weight percentage of
ZIFC and RUFC in the composite ZIFC@RUFC, wtz % and
wtrur% represent the weight percentage of ZIF-8 and RUF in the
ZIF@RUF composite, and CY,r and CYgryr are the char yield of
ZIF-8 and RUF, which were calculated as 50.1 wt% and
23.7 wt%, respectively (Experimental section). wtgyp% can be
estimated based on the ratio of the weight loss of dried
ZIF@RUF to the weight loss of the dried RUF in the temperature
range of 255-450 °C, since ZIF-8 shows almost no weight loss at
this temperature range (Fig. S77). The weight loss of dried RUF
and ZIF@RUF from 255 °C to 450 °C is about 55.44 wt% and
50.23 wt%, respectively. Thus, the weight content of RUF in
ZIF@RUF is determined to be 90.6 wt%, and the weight
percentage of RUFC in ZIFC@RUFC sample is calculated to be
82.4 wt%. Based on the above assumption, the calculated
parameters for the “hypothetical” mixture are presented in
Table 1. It is clear that the measured values are always higher
than those calculated for the “hypothetical” mixture, this indi-
cates once more the synergy between the individual compo-
nents of the hybrid ZIFC@RUFC. We also compared the PSD of
ZIFC@RUFC with ZIFC and RUFC. As shown in Fig. 7B, ZIF-
C@RUFC displays obvious widening of mesopore diameters
(4.1 vs. 3.3 nm) probably due to the increasing of d-spacing of
RUF as indicated by the small angle XRD. Besides, enhanced
mesoporosity (mainly above 10 nm) was also observed on ZIF-
C@RUFC, which can be attributed to the evaporation of
metallic Zn and/or carbon activation by ZnO since ZIFC@RUFC
and ZIFC possessed similar PSD in the range above 5 nm.

On the basis of the above observations, a possible growth
and encapsulation mechanism for the current approach to

21466 | RSC Adv., 2018, 8, 21460-21471

synthesize MOF composites is proposed (Fig. 1). First, the
resorcinol molecules with a high hydroxyl density can strongly
interact with the PEO segments of the amphiphilic triblock
copolymer F127 via H-bonding interactions to form spherical
F127/resorcinol composite micelles. Under hydrothermal
conditions, the high temperature and autogenous pressure
promoted HMT, as a slow releasing source of formaldehyde and
PH buffer, to gradually hydrolyze into formaldehyde and
ammonia. The slowly released formaldehyde further reacted
with resorcinol and urea under the catalysis of ammonia, and
then polymerize into RUF resin in a controllable manner. The
resulted F127/RUF composite served as a structural building
unit, and with further cross-linking of RUF resins, the F127/RUF
composite micelles connect with each other through carbon-
carbon bonds to form micelle aggregates. These aggregates
were eventually adsorbed and attached on the surface of ZIF-8
nuclei due to the adsorption potential energy of ZIF-8 surface,
and closely packed to generate rigid structures in a body-
centered cubic manner. After carbonization, ZIFC@RUFC
composite with well-preserved mesostructure and morphology
were generated.

To further investigate the chemical composition of the
carbonized samples, XPS analysis was conducted on ZIFC,
RUFC, and ZIFC@RUFC. Fig. S8t shows their corresponding
XPS survey spectra. All the samples displayed three typical peaks
for C 1s (285 eV), N 1s (400 eV), and O 1s (534 eV). In addition,
two distinct peaks at ca. 1022 and 1045 eV, assigned to Zn 2p,
were also observed in ZIFC spectrum, indicating the presence of
Zn species. However, due to the fact that the ZnO species are
coated by RUFC, visible yet indistinct Zn 2p peaks were detected
for ZIFC@RUFC (inset in Fig. S87). Additionally, the Zn content
in ZIFC and composite was determined to be about 1.87 at%
and 0.21 at%, respectively (Fig. S9t). These low values are
responsible for the missing of ZnO characteristic peaks in the
XRD patterns of these samples. The surface nitrogen content
determined from XPS is as high as 7.12 at% for ZIFC, while the
content of nitrogen in ZIFC@RUFC composite is about 1.49
at%, comparable to that of RUFC (1.37 at%). We also measured
the bulk nitrogen content from CHN analyzer (Table 1), similar
values were obtained, indicating the decreasing of N content in
the ZIFC@RUFC composite, which can be related to the
significantly higher concentration of RUFC in composite.

In order to access additional information about the chemical
nature of incorporated nitrogen species, N 1s XPS of ZIFC

This journal is © The Royal Society of Chemistry 2018
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(Fig. 8A), RUFC (Fig. 8B), and ZIFC@RUFC (Fig. 8C) were fitted
into four peaks centered at 398.5 eV, 399.8 eV, 400.9 eV, and
403 eV, which can be assigned to pyridinic N, pyrrolic N,
graphitic N and pyridine N-oxide, respectively.*** The above

—— Raw
Sum
—— Pyridine N oxide
—— Pyridinic N
—— Pyrrolic N

Graphitic N

Intensity/a.u.

AA

— 71t r 1 T+ r - 1T r T T T 7 T
410 408 406 404 402 400 398 396 394 392
Binding energy/eV

— Raw

Sum

—— Pyridinic N
Graphitic N
—— Pyridine N oxide
——Pyrrolic N

Intensity/a.u.

—7r . 1 r r . 1 1+ 1 T _r T 7
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Binding energy/eV
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Fig. 8 N1s XPS spectra of ZIFC (A), RUFC (B) and ZIFC@RUFC (C).
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analysis demonstrated the encapsulation of ZIFC by RUFC in
the ZIFC@RUFC composite, therefore, in theory, the surface
characteristics of ZIFC@RUFC material should be similar to
RUFC. However, as shown in Table 2, different surface
concentrations of individual nitrogen species between ZIF-
C@RUFC and RUFC were observed. This is to say the incorpo-
ration of a ZIF-8 core in the ZIF@RUF affected its subsequent
carbonization, resulting in altered distribution of different
nitrogen species.

The highly developed hierarchical porous structure of ZIF-
C@RUFC encouraged us to investigate its adsorption perfor-
mance, therefore, CO, adsorption was evaluated and compared
with ZIFC and RUFC. CO, adsorption isotherms for ZIF-
C@RUFC, ZIFC, and RUFC are showed in Fig. 9. At 1 bar, ZIF-
C@RUFC exhibited the highest CO, capacity of 3.37 mmol g~ .
Although this value is lower than some N-doped carbon mate-
rials, such as SU-MAC-500 and SU-MAC-600 (4.50 and
4.18 mmol g™, respectively),* it is still comparable to that of
the nitride OMCs (3.46 mmol g ')* and SU-MAX-800
(3.11 mmol g *),* much higher than that of the nitrogen and
magnesium codoped mesoporous carbon composite
(2.26 mmol g '),¥ the hollow carbon spheres with high
nitrogen content of 14.8% (2.67 mmol g~ ),*® and the H-NMC-
2.5 with high nitrogen content of 13.1% (2.8 mmol g ').* Due
to the enhanced surface area and porosity of ZIFC@RUFC,
ZIFC@RUFC exhibits higher CO, adsorption capacity
(3.37 mmol g™ ') than ZIFC (1.89 mmol g ') and RUFC
(3.10 mmol g~ ) at 1 bar. However, to our surprise, RUFC, which
possesses smaller surface area and porosity than ZIFC, has
a much larger capacity than ZIFC. As mentioned above, ZIFC is
a mainly microporous material, while RUFC is composed of
both mesopores and micropores. It is believed that the large
width of mesopores is beneficial for the diffusion of CO, into
the inner channels and makes the active sites easily accessible.
Similarly, the additional mesopores above 10 nm in ZIF-
C@RUFC, that increased its surface area and porosity, are also
responsible for its higher CO, capacity than RUFC. It is also
worth to mentioned that, although ZIFC@RUFC shows a much
lower nitrogen content (1.39 wt%) than ZIFC (7.52 wt%),
fortunately, ZIFC@RUFC exhibits almost the same low-pressure
capacity with ZIFC at 0.15 bar. This can be ascribed to the fact
that the increase of textural properties of ZIFC@RUFC
compensated the decrease in the nitrogen content. In addition,
to evaluate the CO, separation performance of the ZIFC@RUFC
composite, N, isotherm on ZIFC@RUFC was also collected at
298 K (Fig. 9). The N, adsorption capacity is about 0.34 mmol
g~ " at 1.0 bar, which is much lower than that of CO, capacity at

Table 2 Relative surface concentrations of nitrogen species obtained
by fitting the N1s XPS spectra

Pyridinic Pyrrolic Graphitic Pyridine N
Sample N/% N/% N/% oxide/%
ZIFC 63.1 16.0 16.9 4.0
RUFC 34.0 8.9 45.6 11.6
ZIFC@RUFC 31.2 3.3 51.1 14.4
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Fig. 9 CO, isotherms (solid) of ZIFC, RUFC and ZIFC@QRUFC and N,
isotherm (open) of ZIFCQRUFC at 298 K.

the same condition. The initial slopes of the CO, and N,
adsorption isotherms are calculated to be 14.97 and 0.75,
respectively. Therefore, the selectivity of CO, over N, is about
20 : 1, which is comparable or even better than some N-doped
carbons with higher N content than ZIFC@RUFC, such as the
hollow carbon spheres with N content of 14.8% (29 : 1)** and the
SU-MAC-800 with N content of 3.2% (9 : 1).*

To verify the faster diffusion of CO, on mesoporous carbons
(RUFC and ZIFC@RUFC) than microporous ZIFC sample,
kinetics of CO, adsorption were carried out by using a TGA Q50
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thermal gravimetric analyzer. Adsorption rate of CO, was
assumed to follow the linear driving force (LDF) model as follows:

9 — kel ~a) )
where k. is the mass-transfer constant, g* is the equilibrium
CO, uptake, and g is the CO, uptake at time ¢. Fig. 10A shows the
kinetic curves of CO, adsorption on ZIFC, RUFC, and ZIF-
C@RUFC at 308 K and 1.0 bar, based on which, fitting with LDF
model was carried out as showed in Fig. 10B-D, and the mass-
transfer constants for CO, at 308 K and 1.0 bar were estimated
to be 0.0192, 0.0385, and 0.0392 s~* for ZIFC, RUFC, and ZIF-
C@RUFC, respectively. Further, the diffusion coefficient, D,
can be calculated by eqn (6):***

ke R,
@

D, =

where D, (cm?® s™") is the interparticle diffusion coefficient, R,
(ecm) is the particle radius, and k. (s~') is the mass-transfer
coefficient. As shown in Fig. S10,T the average particle size of
ZIFC, RUFC, and ZIFC@RUFC sample is about 1.60, 1.49, and
1.61 um, respectively. Therefore, according to eqn (6), the
diffusion coefficient of CO, is 3.31 x 10~ %, 5.69 x 10™'!, and
6.77 x 10~ " em?® s~ for ZIFC, RUFC, and ZIFC@RUFC, flowing
the trend of ZIFC < RUFC < ZIFC@RUFC, strongly indicating the
adsorption of CO, was more rapid on mesoporous carbons
RUFC and ZIFC@RUFC.
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Fig. 10 Adsorption kinetics curves of CO, on ZIFC, RUFC and ZIFC@RUFC sample at 308 K and 1.0 bar (A). Linear dependence between In(1 — g/
g*) and time for the analysis of CO, adsorption kinetics on ZIFC (B), RUFC (C), and ZIFC@QRUFC (D) using the LDF model.
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4. Conclusions

A novel hybrid material with core-shell structure, ZIF@RUF,
has been successfully synthesized for the first time from a new
synthetic strategy, which relies on the in situ growth and poly-
merization of RUF polymers via an organic-organic self-
assembly process on the surface of ZIF-8 nanoparticles by
using HMT as a release source of formaldehyde instead of the
direct use of formaldehyde during the synthesis. The use of
HMT can effectively slow down the rate of reaction for the
formation and self-polymerization of RUF, and thus provide the
best possibility to guarantee the selective formation of RUF
around the nucleation seeds (ZIF-8). Compared with the widely
used approach in literature, which involves the dispersion of
MOF precursors into the solution containing porous materials,
our strategy, acting in an opposite way, presents a new option
for design and synthesis of MOF-based core-shell composites.

In addition, through a simple carbonization of the obtained
core-shell structured ZIF@RUF composite, an N-doped carbon
material with microporous core and mesoporous shell struc-
ture, ZIFC@RUFC, can also be obtained. The sample (ZIF-
C@RUFC) exhibits significantly enhanced porosity including
surface area, pore volume, and pore size, which improved CO,
capacity and diffusion rate than its individual counterparts of
ZIFC and RUFC.
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