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We introduced a new strategy to fabricate defect-free continuous
metal-organic framework (MOF) films using graphene oxide (GO)
as an interfacial template on solid substrates. Unprecedented
formation of one-dimensional nanorod-shaped crystalline
intermediate phase on the GO surface enabled preferential
growth of HKUST-1 film in the <220> direction.

Metal-organic frameworks (MOFs) are highly porous crystalline
materials with tunable pore characteristics, which are easily
tailored by the combinational choice of various metals and
organic Iigands.1 Intrinsic features of MOFs such as high
surface area, well-defined pore size and high metal density
have expanded their applications to gas storage/separation,z'4
heterogeneous catalyst,s’6 sensor,7 semiconductor,8 energy
storage9’ 10 applications. In particular, thin film coating of MOFs
onto substrates has potential to pave the way for various
applications such as luminescence, catalysis, gas separation
(membrane), sensor and other nano-devices by introducing
new properties that are not available in the solid powder
Y8 n the MOF
immobilization of well-grown continuous MOF films onto

form. film development, however,

various substrates has been a significant challenge, thus

various growth procedures such as direct growth on

functionalized substrate,™*® Iayer—by—layer,17 liquid phase
1922 chemical

24,25

epitaxial growth,18 seeding- secondary growth,

electrochemical and

. . 26,27
microwave-assisted method

solution deposition,23 synthesis
have been developed. Among
these techniques, seeding-hydrothermal secondary growth is
widely adopted method for the fabrication of MOF thin films,
in which it is crucial to achieve uniformly dispersed and
strongly bounded seeding on the substrate to form a
film. To date,

. . . 19 .20
techniques such as microwave-assisted,”” thermal heating,

continuous well-grown several seeding
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reactive seeding,z1 step by step,28 and rubbing29 have been
proposed, however, there is still a significant challen_
restricting their application, that is the dependency of seeding
procedure on the types of substrate. Moreover, the formation
of defect-free MOF films is still an important problem for theit
application as gas separation membranes.

Graphene oxide (GO) as a two-dimensional macromolecule
offers unique advantages such as rich surface chemistry
through oxygen functionalities, ability to form free-standing
films and ease of fabrication on any kind of substrate including

0,

porous substrates and electrodes.” *' For the preparation o

MOF membranes, oxygen functionalities located on the
surface of GO can offer strong bonding/adhesion for the MOI
seed crystals and thus eventually template the formation of
continuous MOF films on various substrates. In addition, t' .
resulting composite membrane could inherit some of the
unique features of GO such as ultramolecular sieving effect®”
# and electronic properties.34 Herein, we demonstrated tha
GO film can be used as an interfacial template for the MOI
seeding and subsequent growth of continuous MOF films or
HKUST-1%* via thermal seeding and its secondary growth or
the anionic alumina oxide (AAO) film. We have also observec
preferential MOF crystal growth in the <220> direction on the
GO film, thus providing us with a unique tool to control pore
aperture for the gas separation applications.

The synthesis of GO was achieved (see synthesis section { >r
details, ESI) using modified Hummers’ method.*® For the
preparation of GO films, porous AAO film with ~200 nm o
pore size was used (Fig. 1a) as a substrate. AAO not only have
high thermal and chemical stability under our experimenta
conditions, but it also allowed us to prepare GO films with &
few-nanometer thickness via simple, vacuum-assisted layer 1y
layer assembly procedure in H,O at room temperature.33
order to prepare the GO film, 1.5 mL of dispersed GO solutic
(0.025 mg mL™Y) was poured onto the AAO substrate and as
vacuum applied on the opposite side of AAO film, the amount
thus

formation of a layered GO sheet (Fig. 1b). The resulting GO filn-

of solvent was reduced gradually, leading to the

J. Name., 2013, 00, 1-3 | 1
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Fig. 1 Schematic description of HKUST-1 film growth on the GO film located on

anionic alumina oxide (AAO) substrate.

on the AAO substrate (GO/AAO) was placed in 200°C oven for
15 min, after which pre-synthesized HKUST-1 seed solution
was added (Fig. 1c) and kept for 20 min. After EtOH washing
and subsequent drying steps, the seeded GO/MOF was placed
in a reactor containing the solution of MOF precursors and
kept at 120°C for 6 h for the synthesis of continuous HKUST-1
film (Fig. 1d).

In order to monitor the structural and chemical changes
during formation of HKUST-1 film, we have carried out
scanning electron microscopy (SEM) and Fourier transform
infrared spectroscopy (FT-IR) analyses. SEM (Fig. 2a) and FT-IR
(Fig. 2d) analyses of AAO and GO/AAO indicate the successful
fabrication of GO film on the AAO substrate. Importantly, GO
film covered completely all the pores and surface of AAO, thus
creating a functional surface containing rich oxygen
functionalities such as epoxide, hydroxyl and carboxylic acid.
After seeding, we observed (Fig. 2b) a few tenths of a
nanometer of HKUST-1 nanocrystals attached onto the GO
surface along with an unusual nanorod-shaped phase, which
could be attributed to the formation of aggregated one-
dimensional (1D) polymer chains composed of trimesic acid
(TMA) and Cu(ll) ions. Although, FT-IR analysis of the seeded
GO/AAO showed similar peaks to those of HKUST-1, XRD

(Fig. 2e)
the nanorods.

reaction, however,
into HKUST-1 film
intergrown crystals (Fig. 2c). XRD analysis of the film revealed
high crystallinity of the synthesized HKUST-1 film (Fig. 2e).

In order to understand the formation mechanism of
HKUST-1 film on the GO surface, we have carried out detailed
chemical and structural analysis. Firstly, we investigated the
structural changes of GO film at 200°C (at the seeding

temperature). Cls X-ray Photoelectron Spectroscopy (XPS)

measurement revealed completely different
After

these

crystalline phase for subsequent

hydrothermal nanorods fully

transformed containing micron-sized

analysis of GO/AAO revealed two sharp and a weak shoulder
peak at 284, 286 and 288 eV, indicating C-C, C-O and C=0
bonds, respectively.37 The intensity of C-O peak decreased (see
Fig. S1, ESI) significantly following the thermal treatment at
200°C. In addition, FT-IR analysis showed noticeable decrease

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

of a broad peak in the range 3038-3490 cm™ region, indicatins
the disappearance of intercalated water and -OH functional
groups (see Fig. S2a, ESI). In addition, we have also observed a
shift of GO (001) diffraction peak from 10.6 to 8.2 degree ir
the XRD spectrum, indicating the expansion of interlayer d
spacing from 8.3 to 10.9 A (see Fig. S2b, ESI). As the thermal
treatment of GO layers can lead to partial graphenization, the
formation of CO and CO, gases during the reduction process
and the removal of water molecules might induce the
expansion GO Iayers.38 Although the heat treatment proces:
significantly reduced the number of functional groups on the
GO surface, the remaining functional groups could still act as
anchors for the HKUST-1 seed crystals by coordinating to the
cu’
crystals would be removed during the post-washing step, thus

* centers. It is important to note that any physisorbed seec

the seed crystals remained on the surface should be chemica -
attached to the GO surface. Such
observed by Guerrero et al.,®® they have shown that botn

interaction was als~

organic linkers and Cu species (Cu® and Cu(ll) paddle-wheel
complex) serve as binders to form strong connection betweer
HKUST-1 crystals and AAO substrate.

In order to examine how HKUST-1 seed crystals attach ontc
the thermally treated GO/AAO, we have prepared four contro’
seed solutions containing HKUST-1 seed crystals, namely
EtOH/H,0/Cu/TMA, EtOH/H,0/Cu, EtOH/H,O/TMA anc
EtOH/H,0. Each solution was seeded (see Fig. S3, ESI) onto
GO/AAO substrates at 200°C. We have only observec
corresponding XRD peaks for the HKUST-1 (see Fig. S4) in the
case of EtOH/H,0/Cu/TMA seed solution, indicating that either
TMA or Cu®" can’t connect MOF crystals to GO surface anc
both TMA and Cu®* are required for the stable and successful
seeding of HKUST-1 crystals onto the GO/AAO film z
Surprisingly, we have also observed an unusual crystalline
phase in the form of nanorods during the seeding procedure.
In order to understand the origin of this new crystalline phase
we have carried out XRD analyses for the seed crystals
collected by centrifuging the seed solution at
temperature and also for the GO/AAO films seeded at 120 anc
200°C (see Fig. S5, ESl). Evidently, the formation of new
crystalline phase was only observed after seeding at higkh

rooim.

temperatures such as 120 and 200°C, indicating that the new
phase did not originate from the seed crystals, but formed
during the seeding process at high temperature. Consideri g
the stability of HKUST-1 crystals under the seeding conditior.

the MOF precursors (TMA and Cu2+) remained unreacted in the
seed solution could lead to the formation of crystalline rod-like
superstructures on the GO surface. In order to further support
our hypothesis, we prepared mixture of HKUST-1 precursors tc
have the same Cu® and TMA concentrations as the se d
solution and carried out seeding experiment on the GO/A/ N
ESI) the
formation of the same crystalline phase, thus proving the fact

substrate. XRD analysis revealed (see Fig. S6,

that the formation of rod-like superstructures originate fron
unreacted HKUST-1 precursors in the seed solution.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 2 Fabrication of HKUST-1 film on the GO/AAO substrate and its characterization. SEM images of (a) AAO and GO/AAO, (b) Seeded GO/AAO and (c) HKUST-
1/GO/AAO, respectively; inset in (b) is an enlarged view. (d) FT-IR and (e) XRD data during the consecutive seeding and hydrothermal reactions.

In order to analyze the electronic state of Cu in the rod-
like nanostructures, we have carried out Cu 2P XPS
measurement. We have observed (see Fig. S7, ESI) only cu*
species in the XPS spectrum, just like HKUST-1. The similarity
of XPS and FT-IR results between seeded GO/AAO and HKUST-
1 indicates that the new crystalline phase has similar chemical
structure to that of HKUST-1 originating from the connection
of Cu®" and TMA. More importantly, this rod-like crystalline
phase completely disappeared and transformed (see Fig. 2e)
into HKUST-1 after hydrothermal reaction.

HKUST-1 film grown on the seeded GO/AAO showed two
distinctive features/advantages compared to the one grown
on the bare AAO substrate: 1) formation of uniform, defect-
free and continuous films even after one seeding cycle and 2)
preferential growth of HKUST-1 crystals. In order to
demonstrate the impact of GO-templation on the HKUST-1 film
formation, we have grown HKUST-1 films on bare AAO
(HKUST-1/AAOQ) using the same procedure to that of GO/AAOQ.
The resulting film was analyzed by SEM (Fig. 3a) and XRD (Fig.
3c). SEM analysis of HKUST-1/AAO revealed MOF nanocrystals
(~6 um) attached onto the AAO surface without the formation
of a continuous film. We attribute this result to the fact that
strong and evenly dispersed seeding was not achieved due to
the large pore size (~200 nm) and small exposed surface of
AAO for the connection with seed crystals. On the contrary,
HKUST-1/GO/AAO showed continuous film structure formed

This journal is © The Royal Society of Chemistry 20xx

by the intergrown HKUST-1 nanocrystals (~11 um). These
results clearly demonstrate the impact of GO-templation { .
the formation of continuous MOF films even after one seeding
cycle. It is important to note that bare AAO film requires
multiple seeding cycles.20 In order to further verify the effec
of GO on the seeding and film growth, partially exfoliatec
GO/AAO substrate, in which GO-free regions were
intentionally created on the AAO surface via sonicating
GO/AAO for 10 min, was prepared. Following the seeding anc
hydrothermal growth steps, while we only observed (see Fig.
S8, ESI) formation of MOF crystals on the GO, GO-free AAC
surface remained bare. In order to compare the thickness of
films, we have recorded cross-sectional images of HKUS (-
1/AAO (Fig. 3a) and HKUST-1/GO/AAOQ (Fig. 3b) films, wheren.
thick smooth layers (below) and rough layers (above’
correspond to AAO and HKUST-1 films, respectively. We have
observed significant difference in film thickness for HKUST
1/AAO (~6 um) and HKUST-1/GO/AAO (~52 um). The lowei
thickness in the case of HKUST-1/AAO indicates the existen e
of dispersed HKUST-1 nanocrystals attached to the A/._
surface. However, the thickness of well-intergrown HKUST *
film on the GO/AAO substrate was almost five times of a single
nanocrystal (~11 um) on the GO surface. This result indicates
the successive growth on the surface of both pre-grown MOF
and the GO as both the surface of MOF seed crystals and GC-
can act as nucleation sites for the MOF crystallization.

J. Name., 2013, 00, 1-3 | 3
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Fig. 3 Structural analysis for the influence of GO film on the growth of HKUST-1.
SEM images of HKUST-1 fabricated on (a) AAO and (b) GO/AAO substrates. Top
(above) and cross-sectional (below) views. c) XRD spectra of HKUST-1/AAO and
HKUST-1/GO/AAO samples. d) The crystal structure of HKUST-1 viewed along the
<220> direction.

GO film also influenced the growth direction of HKUST-1
crystals, which is reflected (Fig. 3c) by the different peak
intensity in the XRD spectra of HKUST-1/AAO and HKUST-
1/GO/AAO. In the case of the former, XRD pattern followed
that of HKUST-1 powder and exhibited (see Fig. S9, ESI) the
highest intensity peak on the (222) plane, however, HKUST-

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

Journal Name

1/GO/AAO XRD spectrum revealed two noticeable differences
(1) almost complete disappearance of (200) peak and (2) the
highest peak intensity on the (220) plane. This result indicates
the fact that GO can inhibit the growth of HKUST-1 in <207>
and promote growth in <220> and <222> directions. Although,
there have been results showing the preferential growth of
HKUST-1 in the <111> and <100> directions under specifically
controlled conditions such as COOH and OH functionalized
monolayers (SAMs)SQ’40 or
modulators,41 to the best of our knowledge, this is first
demonstration of HKUST-1 crystal growth in the <220:
direction. While the solid-modulators enabled the formation of
continuous MOF films, they require complex preparatior

self-assembled using solic

procedures. On the contrary, our method provides facile route
to the preparation of continuous and preferentially orientea
HKUST-1 film in the <220> direction.

In order to elucidate the origin of the GO-template”
preferential growth of HKUST-1 on the GO surface, structural
changes of HKUST-1 crystals during the seed preparation.
seeding and hydrothermal reaction steps were analyzed. The
XRD pattern of the seed crystal was found (see Fig. S5, ESI) to
be similar to that of HKUST-1 except slight increase in (200,
peak, indicating that the influence of HKUST-1 seed crystals or
preferential growth of MOF film could be minimal. The XRD
pattern after thermal seeding showed higher intensity peak ir.
<222> direction compared to <220>, however, without any
preferential orientation in the <222> direction (Fig. 2e). The
crystals precipitated in the MOF-growing reactor also revealed
(see Fig. S10, ESI) similar XRD patterns to that of HKUST-1.
Based on these findings, we concluded that the preferentia’
growth was realized during hydrothermal reaction on the
surface of GO, thus clearly demonstrating the importance ~¢
GO-templation. We speculate that the
aggregated one-dimensional (1D) polymer chains on the GO

formation o

surface play a significant role for the preferential growth of
MOF crystals on the GO surface. It is important to note tha*
this new crystalline phase and preferential growth was not
observed in the case of bare AAO film.”® We believe that the
transformation of these crystalline rod-like superstructures
into HKUST-1 crystals on the GO surface leads to unique
preferential growth of MOF Evidently,
transformation of 1D coordination polymer into 3D MOF was
also observed by Lee et al.”

In summary, we have demonstrated that GO-templatic ~

crystals. similar

approach can facilitate the fabrication of continuous HKUST-1
films on solid-substrates. In addition, the formation of rod-like
crystalline intermediate phase on the GO surface enabled
control over the growth direction of MOF crystals. These
substrate and t'e

results signify the

intermediate states in controlling the growth direction »f

importance of

crystals. Controlling the pore apertures of MOF films i
particularly important to form selective membranes via
molecular sieving for gas separation applications. We alsc
believe that the GO-templation approach can be extended tc
various substrates to grow different MOF thin films as &

universal strategy, thus extending the applications of MOF

This journal is © The Royal Society of Chemistry 20xx
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films to membranes, sensors, electronic devices and light-
harvesting systems.
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TOC text: Graphene oxide film was used as an interfacial template for the
preferential growth of continuous HKUST-1 films on a solid-substrate.



Page 7 of 7 CrystEngComm

(UST-1 film

[ OSSN

sice view MR Graphene oxide

430x195mm (300 x 300 DPI)



