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The preparation method of nanosheets using the hyperswollen lyotropic lamellar phases, 'two-dimensional reactors in
amphiphilic phases (TRAP) method,' has successfully given nanosheets of various non-layered materials. Previously reported
examples started from a single hydrophobic or hydrophilic precursor and multiple hydrophobic precursors. Here we propose

the synthesis method of nanosheets of ZIF-8, zinc 2-methylimidazolate with a sodalite-like framework. They grow up to a

few nanometers of thickness and several hundred nanometers of width with neither aggregation nor impurities from

multiple hydrophilic precursors with the stoichiometric ratio inside the hydrophilic TRAPs consisting of amphiphile Brij L4.

The thin nanosheets of ZIF-8 doped with Co?* (Co-ZIF-8) synthesized by the same method maintained a high specific surface

area after calcination. Therefore, the oxygen reduction reactions (ORR) activity of the calcinated Co-ZIF-8 NSs for fuel cells

becomes higher than calcinated conventional Co-ZIF-8 crystals.

Introduction

Synthesis methods for functional nanosheets (NSs) have
developed in terms of versatility. Since the first NSs were
obtained from the exfoliation of a natural layered material,
various NSs of layered materials have been fabricated by this
top-down method.! The top-down preparation of graphene,
one atom thick crystal with unique properties,2 prominently
promotes the development of the top-down method.3
Meanwhile, to prepare NSs of non-layered materials, the
bottom-up two-dimensional (2-D) growth with various
templates has been explored. Chemical vapor deposition (CVD),
in which the epitaxial growth occurs on a flat substrate, is one
of the most studied hard template methods at the gas-solid
interface.* Precursors are randomly supplied on the solid
surface, and the resulting NSs are immobilized there. NSs
preparation at the solid-liquid interfaces has the same
characteristics.>® The NSs preparation at liquid-liquid and gas-
liquid interfaces gives rise to free-standing NSs without
substrate removal process.”-8 Since NSs are free to grow in the
thickness direction toward the fluid phase, precursor supply
must be well controlled to prepare thin and uniform NSs.

To produce high-quality NSs on a large scale, NSs preparation
between layers of layered materials improves the growth
inhibition in the thickness direction by restricting the space.® As
another layered template, the lyotropic lamellar phase of
amphiphilic solutions is also useful because the templates can
be removed more easily than layered solids.10 Bilayers in the
lyotropic lamellar phases work as NSs generators for both
hydrophilic and hydrophobic materials that can be obtained in
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solution. Therefore, this method is promising as one of the most
versatile preparation methods of NSs. Whereas materials tend
to form thick NSs due to the high concentration of the
ingredients and the close contacts between adjacent NSs in
ordinary lamellar phases, separated bilayers in hyperswollen
lyotropic lamellar (HL) phases inhibit such an NSs thickening
process. Therefore, it looks suitable for the large-scale
production of thin NSs of non-layered materials.11

The NSs preparation method using the HL phases is called
'two-dimensional reactors in amphiphilic phases (TRAP)'
nm thick two-dimensional (2-D)
bilayers in the HL phases can one-dimensionally inhibit
materials growth because they keep several hundred nm
intervals between two adjacent bilayers.?> TRAP method using
HL phases of aqueous and organic amphiphile solutions can give
hydrophobic and hydrophilic NSs, respectively; hydrophobic
polystyrene NSs and hydrophilic gold NSs grow in the
corresponding HL phase from single hydrophobic and
hydrophilic precursors, respectively.11.14 Moreover, metal-
organic frameworks (MOFs) NSs as hydrophobic NSs can be
synthesized from multiple precursors.1213 Unprecedented
synthesis of hydrophilic NSs from multiple precursors should be
tried to confirm the versatility of the TRAP method, as shown in
Fig. 1.

We focused on zeolitic imidazolate frameworks (ZIFs) that are
one kind of hydrophilic non-layered MOFs consisting of
hydrophilic imidazole derivatives and metal ions. In particular,
zinc 2-methylimidazolate with a sodalite-like framework (ZIF-8)
is one of the most vigorously investigated ZIFs because it shows
high separation performance,1617.18 adsorption capacity,®
catalytic ability20, water splitting2122, and energy storage?3-25
due to their porous structures. Oxygen reduction reaction (ORR)
activity of the carbon electrocatalysts synthesized by calcinating
ZIF-8 doped with Co?* (Co-ZIF-8) has recently been investigated
to replace the present Pt/C.26 The calcination of Co-ZIF-8 NSs is
expected to give electrocatalysts with a larger specific surface

method.11-14 The several



area than that of conventional Co-ZIF-8 crystals; it could be
appropriate for ORR. Even the thinnest ZIF-8 NSs reported is
about 30 nm.27.28 Here we report the synthesis of several nm
thick ZIF-8 NSs inside the hydrophilic TRAPs in a decane solution
of amphiphile. We also discuss the synthesis condition that
gives ZIF-8 selectively; zinc 2-methylimidazolate has two other
frameworks: diamondoid (dia) and katsenite (kat).2?® We
demonstrate the ORR activity of carbon electrocatalysts
prepared by calcinating the obtained Co-ZIF-8 NSs and discuss it
in terms of the multiscale porous structures.

@) é (b) ()

1 Liquid surface

o\ .\-"' —p
Hydrophilic
) TRAP M §
Fig.1 Schematic illustration of the mechanism of the precursor supply. (a) When the
droplet of hydrophilic precursor solution is added to the hydrophilic TRAP solution,

amphiphiles solubilize it as micelles. (b) The micelles marge with the hydrophilic
bilayers of the HL phase. (c) Hydrophilic nanosheets grow inside the bilayers.

—p

Experimental

Chemicals

Decane, 2-methylimidazole (2-mim), 25 wt% ammonium
hydroxide solution, isopropanol, Nafion, zinc nitrate

hexahydrate (ZnNOs « 6H,0) and cobalt nitrate hexahydrate
(CoNO3 * 6H,0) were purchased from Wako Pure Chemical
Industries Co. Brij L4, Potassium hydroxide (KOH) and Pt/C (20%
loading) was purchased from Merck KGaA. The water used was
obtained from a water purifier (Direct-Q UV) with a resistivity of
18.2 MQ cm.

Characterization

The crystal structures were estimated from XRD patterns
collected using a PANalytical X'Pert PRO diffractometer with Cu
Ko radiation, operated at 45 kV and 40 mA. The scan range was
from 5° to 45° (20) at 0.10°/s. AFM images were obtained using
a Veeco Instruments MMAFM-2. The samples were deposited
on freshly exfoliated mica sheets as substrates. We measure 30
samples and calculated the average and standard deviation of
the size and thickness, respectively. TEM images were obtained
using a Hitachi H-800 at 200 kV. The distributions of ZIF-8 NSs
were measured by DLS using ELSZ-2000 (Otsuka Electronics Co.,
Ltd.) at 25°C. FT-IR spectra were measured using a Shimazu
IRAffinity-1S. The porosity of the products was characterized by
Nitrogen adsorption measurements at 77 K using a
BELSORPmax (MicrotracBEL). X-ray photoelectron spectroscopy
(XPS) spectrum on C 1s and N 1s were obtained in a VG-
Microtech Multilab 3000 spectrometer with an Al Ka radiation
(1253.6 eV) as the energy source.

Synthesis of ZIF-8 NSs

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

ZIF-8 NSs were synthesized in the hyperswollen lyotropic
lamellar (HL) phases of the decane solutions of Brij L4 (8.7 wt%)
and deionized water (2.2 wt%). Ammonium hydroxide solution
(25 wt%) and 2-methylimidazole (2-mim) were added to the
decane solution at 1.1 x 10! wt% and 3.0 x 102 wt%,
respectively. Zn(NOs); solution (14 wt%, 0.1 ml) was added to
the decane solution (45 ml) so that the molar ratio of the Zn and
2-mim to the 1:2 at 39°C. The final products were centrifuged
at 11,000 rpm for 1 h and washed three times with methanol.

Synthesis of conventional ZIF-8 crystals

Conventional ZIF-8 crystals were synthesized in an aqueous Brij
L4 solution consisted of deionized water (85.5 wt%) and Brij L4
(4.3 wt%). Ammonium hydroxide solution (25 wt%) and 2-
methylimidazole (2-mim) were added to the decane solution at
2.9 x 107! wt% and 4.7 wt%, respectively. Zn(NOs), solution
(19.7 wt%, 10 ml) was added to the aqueous Brij L4 solution (32
ml) so that the molar ratio of the Zn and 2-mim to the 1:2 at 39
°C. The final products were centrifuged at 11,000 rpm for 1 h
and washed three times with methanol.

Oxygen reduction reaction

Electrochemical activity tests towards ORR were carried out at
298 Kin a three-electrode cell with 0.1 M KOH electrolytes using
VersaSTAT3 Potentiostat (AMETEK), a Pt coil electrode as the
counter electrode and a saturated calomel electrode as the
reference electrode. A rotating ring-disk electrode setup (RRDE-
3A, Pine Research Instruments, USA) equipped with a glassy
carbon (GC) disk was used as the working electrode. The
samples were dispersed in a solution of 10 vol% of isopropanol,
10 vol% of Nafion, and 80 vol% of water to prepare a final
dispersion of 1 mg/ml of the prepared catalysts. And then, 4 pl
of the dispersion was pipetted on a GC electrode to obtain
uniform catalysts layer for ORR study. Cyclic Voltammetry (CV)
and linear sweep voltammetry (LSV) from 1.2 to 0.2 V vs. RHE
were carried out. The LSV was done in an O,-saturated
atmosphere at 1,600 rpm.

Results and discussion

The HL phases for the TRAP method have to be stable even in
the addition of the precursors and reagents.ll The decane
solution of Brij L4 with a small amount of water has been
reported to exhibit a promising HL phase with hydrophilic
TRAPs.24 The polarized photograph of the decane solution using
a polarizing film wrapped around the vessel shows a
birefringence typical of HL phases, as shown in Fig. 2a.1 First,
we dissolved ammonium hydroxide and 2-mim in the
hydrophilic TRAP solution. It did not affect the stability of the HL
phase, as shown in Fig 2b and 2c. The hydrophilic bilayers
probably trapped 2-mim stably. Whereas the synthesis of ZIF-8
in an aqueous solution generally needs the excess amount of 2-
methylimidazole (2-mim) relative to Zn2*ion, ZIF-8 crystals grow
in some aqueous amphiphile solutions even with those
precursors at the stoichiometric ratio ([2-mim]/[Zn2*] = 2)
because the amphiphiles stabilize the coordination structure of
ZIF-8.30 Then, an aqueous Zn(NOs); solution was added to the

This journal is © The Royal Society of Chemistry 20xx
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hydrophilic TRAP solution so that [2-mim]/[Zn?*] would become
2.2. Phase separation occurred once immediately after adding
Zn(NOs),, and then, the mixture became homogeneous again,
as shown in Fig. S1. The phase transition might be attributed to
the tentative heterogeneity of Brij L4 concentration. Even after
the rehomogenization, the TRAP solution still maintained the HL
phase, as shown in Fig. 2d. These results suggest that the
addition of precursors does not destabilize the HL phase.

Fig. 2 Polarized photographs of a hyperswollen lyotropic lamellar phase of decane
solution of Brij L4 (1.8 x 10-1 M), and water (1.0 M) with the following additives:
(a)No additives, (b) ammonium hydroxide (1.2 x 10-2 M), (c) ammonium hydroxide
(1.2 x 102 M) and 2-mim (2.8 x 103 M), and (d) ammonium hydroxide (1.2 x 102
M) and 2-mim (2.8 x 103 M) and Zn(NOs); (1.2 x 1073 M).

After stirring the TRAP solution for 24 h, we centrifuged the
reaction mixture at 11,000 rpm for 1 h, washed the obtained
white powder with methanol three times, and dried it. The X-
ray diffraction (XRD) pattern of the obtained powder shows the
same peaks as conventional ZIF-8 crystals, as shown in Fig. 3a.
The full width at half maximum (FWHM) of each of the XRD
peaks for the obtained powder was broader than that of
conventional ZIF-8 crystals, as shown in Table S1. The
Williamson-Hall plots shown in Fig. S2 indicate that the
crystallite size of the obtained powder is smaller than that of
conventional ZIF-8 crystals.31 The transmission electron
microscopy (TEM) photograph shows sheet-like particles (Fig.
3b). The thickness and horizontal width of the particles
measured by atomic force microscopy (AFM) are 1.5 + 0.3 nm
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Fig. 3 Characterization of ZIF-8 NSs. (a) X-ray diffraction patterns of the ZIF-8 NSs,
and conventional ZIF-8 crystals. (b) TEM photograph of ZIF-8 NSs. (c) AFM
photograph and cross-section of one of the synthesized ZIF-8 NSs. (d) DLS analysis
of ZIF-8 NSs.
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and 125 % 98 nm, respectively, as shown in Fig. 3c. The
horizontal width could be controlled with constant thickness by
the Reynolds number of the solution.* The particle size
distributions estimated from dynamic light scattering (DLS)
measurements of the aqueous dispersion of the powder
suggest the absence of the aggregates, as shown in Fig. 3d.
These results indicate that the obtained powder is ZIF-8 NSs and
that Brij L4 plays a role in the nanosheet formation.

The nitrogen adsorption isotherm of the ZIF-8 NSs shows that
the micropore volume of the ZIF-8 NSs is smaller than that of
conventional ZIF-8 crystals, as shown in Fig. S3a. It indicates that
the thinner the NSs are, the smaller the micropore volume
because pore volume decreases as the external surface area
increases relative to the volume. Besides, the gate-opening gas
adsorption was not detected for the ZIF-8 NSs, as shown in Fig.
S3b.32 It is consistent with previous studies that reported the
absence of structural transitions in ZIF-8 isotherms for
nanosized particles.33 Thus, although we confirmed that the
internal surface area is alive without being filled, the role of Brij
L4 in the formation of the ZIF-8 structure is still ambiguous.

We synthesized zinc 2-metylimidazolate in an aqueous Brij L4
solution with various concentrations to investigate the effect of
Brij L4 on polymorphism. The ratios of ZnNO3 and 2-mim to
water are the same as those for ZIF-8 NSs synthesis; however,
decane was not added to the solution. The XRD pattern of the
product synthesized without Brij L4 has only the typical peaks
of dia(Zn), as shown in Fig. S4a.34 Another XRD pattern indicates
the mixture of ZIF-8 and dia(Zn) was perhaps obtained even
when the ratio of [Brij L4]/[Zn2*] was 9.4 x 103 : 1, as shown Fig.
S4b. These results suggest that the addition of Brij L4 induces
the formation of ZIF-8. Further increasing the Brij L4
concentration, the pure conventional ZIF-8 crystals were
produced. To check if Brij L4 stabilizes the coordination
structure of ZIF-8, we performed the Fourier transform infrared
spectroscopy (FT-IR). ZIF-8 NSs have peaks derived from methyl
and methylene groups of Brij L4, as shown in Fig. S5. Brij L4 is
adsorbed at the surface of the washed ZIF-8 NSs. These peaks
are not derived from 2-mim, as shown in Fig. S5. We presume
that conventional ZIF-8 crystals did not show these peaks
because the external surface areas of conventional ZIF-8
crystals are smaller than those of the ZIF-8 NSs. Therefore, we
can conclude that Brij L4 probably stabilizes ZIF-8.

To synthesize a high-performance ORR catalyst, we have to
dope ZIF-8 NSs with Co?* ions. We examine the stability of the
HL phase when Co(NOs), is added in an aqueous solution of
Zn(NOs),. First, we dissolved ammonium hydroxide and 2-mim
in the hydrophilic TRAP solution. Then, an aqueous Zn(NOs);
solution dissolving a small amount of Co(NOs), was added to the
hydrophilic TRAP solution so that [2-mim] : [ZnZ*] : [Co?*]
became 2.2 : 1:4.9 x 10-2. After adding Zn?* and Co?*, the TRAP
solution still maintained the HL phases, as shown in Fig. S6. Thus,
the addition of Co(NOs), does not seem to destabilize the HL
phase.

After stirring the TRAP solution for 24 h, we centrifuged the
reaction mixture at 11,000 rpm for 1 h, washed the obtained
purple powder with methanol three times, and dried it. The XRD
pattern of the obtained powder shows the same peaks as

J. Name., 2013, 00, 1-3 | 3
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Fig. 4 Characterization of Co-ZIF-8 NSs. (a) X-ray diffraction patterns of the Co-ZIF-8
NSs, and conventional Co-ZIF-8 crystals. (b) TEM photograph of Co-ZIF-8 NSs. (c)
AFM photograph and cross-section of one of the synthesized Co-ZIF-8 NSs. (d) DLS
analysis of Co-ZIF-8 NSs.

conventional Co-ZIF-8 crystals, as shown in Fig.4a. The FWHM
of each of the XRD peaks for the obtained powder was broader
than that of conventional Co-ZIF-8 crystals, as shown in Table
S2. The Williamson-Hall plots shown in Fig. S7 indicate that the
crystallite size of the obtained powder is smaller than that of
conventional Co-ZIF-8 crystals.2? The TEM photograph shows
sheet-like particles (Fig. 4b). The thickness and horizontal width
of the particles measured by AFM are 0.9 £ 0.1 nm and 162 + 40
nm, respectively, as shown in Fig. 4c. The particle size
distributions estimated from DLS of the aqueous dispersion of
the powder suggest the absence of the aggregates without any
purification, as shown in Fig. 4d. These results indicate that the
obtained powder is Co-ZIF-8 NSs. Nitrogen adsorption
measurements show that the micropore volume of Co-ZIF-8 NSs
is almost the same as the ZIF-8 NSs, as shown in Fig. S8a.

Therefore, the obtained Co-ZIF-8 NSs seem appropriate for ORR.

We calcinated the Co-ZIF-8 NSs and measured ORR activity.
After calcination of Co-ZIF-8 NSs at 800°C for 3 h under nitrogen
atmosphere, we obtained carbon powder. The XRD pattern of
the obtained powder does not show any peaks, as shown in Fig
S9. It indicates that neither zinc nor cobalt crystalized as metals
or compounds in the calcination. The TEM photographs indicate
that the samples are aggregated after calcination; however, the
structures partially remained, as shown in Fig. S10. The
micropore volume of the conventional Co-ZIF-8 crystals
decreased in the calcination because of the deformation of the
porous structures, as shown in Fig. S8b. Meanwhile, the
micropore volume of the calcinated Co-ZIF-8 NSs was almost
the same as the precursor, as shown in Fig. S8a. Brij L4 adsorbed
on the surface of Co-ZIF-8 NSs might stabilize the structure. We
will briefly discuss it later. Accordingly, the surface area of Co-
ZIF-8 NSs was larger than that of conventional ZIF-8 crystals, as
shown in Table S3. The improved surface area of ZIF-8 NSs
would have a positive influence on the ORR.
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Fig. 5 ORR activities of calcinated Co-ZIF-8 NSs, calcinated conventional Co-ZIF-8
crystals, and Pt/C 20 wt%.

We measured the ORR activities of these calcinated ZIF-8
samples. The calcinated Co-ZIF-8 NSs show higher ORR activity
than calcinated conventional Co-ZIF-8 crystals, as shown in Fig.
5. Limiting current density of calcinated Co-ZIF-8 NSs is better
than that of calcinated conventional Co-ZIF-8 crystals and
becomes better than that of Pt/C 20 wt% under the potential
0.5 vs. RHE. This result should come from the improvement of
diffusivity. Moreover, the onset potential of calcinated Co-ZIF-8
NSs was also better than the calcinated conventional Co-ZIF-8.
This result shows that the CoNXx site of calcinated Co-ZIF-8 NSs
has high catalytic activity. Therefore, we could conclude that
the increase of the outer surface area promotes the ORR activity.
Meanwhile, the onset potential did not reach 20% Pt/C. The XPS
spectrum shows that the C-O peak and oxidized N peak of the
calcinated Co-ZIF-8 NSs are higher than these of calcinated
conventional Co-ZIF-8 crystal, as shown in Fig. S11. The oxygen
atoms seem to be derived from Brij L4, and they might suppress
the ORR activity. The calcinated ZIF-8 NSs would have higher
activity if Brij L4 could be completely removed. Amphiphile not
containing oxygen atom might solve this problem.

Conclusions

Several nm thick ZIF-8 NSs have been successfully synthesized
from multiple hydrophilic precursors inside the hydrophilic
TRAPs in a decane solution of amphiphile Brij L4. It is the first
example of the preparation of hydrophilic nanosheets from
multiple precursors using the TRAP method. The TRAP method
looks like a versatile method for the large-scale production of
thin NSs of various non-layered materials. On the one hand, Brij
L4 stabilizes the coordination structure of ZIF-8, allowing the
formation of pure ZIF-8 crystals in a solution of precursors with
the stoichiometric ratio. On the other hand, Brij L4 perhaps
inhibits the growth of the other frameworks: diamondoid and
katsenite. Moreover, the Co-ZIF-8 NSs obtained by the same
method maintained a high specific surface area after calcination.

This journal is © The Royal Society of Chemistry 20xx
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We speculate that it is because Brij L4 adsorbed on the surface
of Co-ZIF-8 NSs stabilize the framework during calcination.
Because of the improved diffusivity, the calcinated Co-ZIF-8 NSs
show higher ORR activity than the calcinated conventional Co-
ZIF-8 crystals. However, oxygen atoms derived from Brij L4 are
likely to suppress the ORR activity of the calcinated Co-ZIF-8 NSs.
Amphiphiles containing fewer oxygen atoms might solve this
problem.
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