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ARTICLE INFO ABSTRACT

Keywords: Assembly of metal-organic framework (MOF) thin-films with well-ordered growth directions enables many
Metal-organic framework practical applications and is likely part of the future of functional nanomaterials. Insights into the formation
Thin film

pathway of the MOF thin films would allow better control over the growth directions and possibly the amount
of guest molecules absorbed into the MOF pores. Here, we investigate the nucleation and growth of oriented
Cu3(BTC)>xH,O MOF (HKUST-1, BTC = benzene-1,3,5-tricarboxylic acid) thin films on the thermal SiO,
surface using a room temperature stepwise layer-by-layer (LBL) method. Initial stages of LBL growth were
characterized with X-ray photoelectron spectroscopy and high-resolution transmission electron microscopy
analysis in order to understand nucleation and growth kinetics. HKUST-1 thin films with preferred growth
along the [111] direction on the thermal SiO, surface were obtained in the absence of not only a gold sub-
strate, but also organic-based self-assembled monolayers (SAMs). It is found that the formation of HKUST-1 is
initiated by deposition of copper acetate on the thermal SiO, surface followed by ligand exchange between
coordinated acetate from the copper precursor and the BTC ligands. As the LBL growth cycle is increased,
HKUST-1 crystals on the thermal SiO, surfaces are continuously forming and growing and finally the crys-
tallites coalesce into a continuous film. Highly oriented HKUST-1 thin films on thermal SiO, surface with
complete surface coverage and ~90 nm thickness were obtained at ~80 cycles of LBL growth under the
conditions used in this study.

Layer-by-layer deposition

Oriented growth

Copper benzene-1,3,5-tricarboxylate
X-ray photoelectron spectroscopy

1. Introduction yields uniform, high-quality MOF thin films and can be repeated to

create targeted thicknesses, allowing for the additional advantages of

Nanoporous metal-organic framework (MOF)-based thin films have
become an increasingly popular research topic in nanotechnological
fields, particularly for applications in luminescence, chemical sensing,
catalysis, membranes and optical devices [1-5]. A clear understanding
of nucleation and growth of MOF-based thin film is important to control
the resulting film's structure and its properties [6].

There are several approaches that have been reported for prepara-
tion of MOF thin films: (1) direct growth from solvothermal mother
solutions, (2) assembly of preformed nanocrystals, (3) layer-by-layer
(LBL) stepwise growth, (4) electrochemical deposition of MOF thin
films on conductive substrates, and (5) deposition of MOF thin films by
a gel-layer approach. The room temperature stepwise LBL approach
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fine-tuned thickness control and the ability to create multilayer MOF
thin films [7-12]. Currently, gold substrates functionalized by thiol-
based self-assembled monolayers (SAMs) [7-24], such as 16-mercap-
tohexadecanoic acid, 11-mercaptoundecanoic acid, 11-mercaptouno-
decanol, and 4,(4-pyridyl)phenyl-methanethiol, are used to facilitate
preferential nucleation of MOFs and subsequent oriented film growth.
However, the use of these SAMs could pose some limitations due to
their thermal and chemical instability [25]. Another potential issue
with thiol-based SAMs is their insulating nature, which could result in
poor electrical contact. Therefore, a capability to grow oriented MOF
thin films in the absence of thiol-based organic SAMs could resolve
these potential issues. Herein, we present such a concept based on a
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Cu3(BTC)>xH,O MOF (HKUST-1, BTC = benzene-1,3,5-tricarboxylic
acid) supported on oxide substrates such as a thermal SiO, surface on a
silicon wafer, which is important for the fabrication of many functional
devices such as chemical sensors. Several methods such as an O, plasma
and other chemical treatments have been used to effectively create
OH— on the oxide surface in order to promote uniform MOF film nu-
cleation and growth, but the density of films synthesized in this way
varies and is difficult to control. For example, the growth of MOF thin
films on metal oxide surfaces (SiO, and Al,0O3) treated by an O, plasma
has been examined [22], however the resulting MOF films show only a
slightly preferred orientation. Therefore, it is important to understand
the nucleation and growth kinetics of MOFs using a stepwise LBL
method in order to obtain uniform, dense and highly-oriented thin
films.

In this study, we elucidated the growth pathway for the formation of
highly oriented MOF thin films. As part of this strategy, thermal SiO,
layers were used because high quality nonstoichiometric SiO, (x < 2)
layers can be simply generated by thermal oxidation of a silicon wafer
in air and the material is technologically important in many optoelec-
tronics. HKUST-1 was chosen as a model compound because it is the
most widely studied MOF material in thin-film applications and has
good performance for gas storage and separations [4,26,27].

2. Experimental
2.1. Materials

Copper acetate (Cu(OAc),, 98%) and benzene-1,3,5-tricarboxylic
acid (BTC, 95%) were purchased from Sigma-Aldrich. Copper nitrate
hexahydrate (Cu(NO3),-6H,0, 98%) was obtained from Alfa Aesar. ACS
grade ethanol (> 99.5%) from Macron chemicals was used as the sol-
vent. All chemicals were used as purchased without further purifica-
tion. N-type one-side polished silicon wafer from SUMCO was used for
the substrate. Quartz, glass, and sapphire substrates were purchased
from SPI Supplies.
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2.2. Preparation of HKUST-1 thin films

Substrates were cleaned via sonication in a three step process: (1)
15min in deionized water; (2) 15min in acetone; (3) 15min in iso-
propanol. Three rinses were performed between each sonication step.
Then the substrates were treated by O, plasma at 20 W for 10 min. A
thin layer of thermal SiO, on the surface of the silicon wafer was grown
by thermal oxidation at 1000 °C in air. Different thermal SiO, layers
were obtained by changing the thermal oxidation times. A room tem-
perature stepwise LBL method was used to grow the HKUST-1 thin films
on the thermal SiO, surface.

The substrates were immersed in 30 mL of 1 mmol ethanol solu-
tion of the metal precursor (Cu(OAc),) for 20 min. Subsequently, the
substrate was immersed in 30 mL of 0.1 mmol ethanol solution of the
organic ligand (BTC) for 40 min. Between each step, the substrates
were rinsed with ethanol to remove unreacted precursor ions or
molecules and to ensure uniform film growth and then dried in a N,
stream.

Powder-type bulk HKUST-1 was synthesized by a solvothermal
method in a continuous flow microreactor-assisted system reported in
our previous work [28]. The collected reaction products were washed
with ethanol 3 times and dried under vacuum for 24 h at 70°C for
further characterization.

2.3. Characterization

X-ray diffraction (XRD) patterns were obtained using a Rigaku
Ultima IV Diffractometer, operating at 40 kV and 40 mA with Cu ka
radiation (0.154 nm) in the range from 5 to 20° with a step size of
0.01. Field emission-scanning electron microscope (FE-SEM) analysis
was conducted with an FEI Quanta 600 and FEI Nova NanoSEM 230
using 5-10kV accelerating voltage. Atomic force microscopy (AFM)
images were obtained using a Bruker Innova microscope in tapping
mode with a Si cantilever. Attenuated total reflectance (ATR) infrared
spectra were collected with a Thermo Scientific Nicolet 6700 Fourier
transform infrared (FT-IR) spectrometer and Thermo Scientific Smart
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Fig. 1. (A) ATR infrared spectra (a: bare Si, b: 34 nm-SiO,, c¢: 54 nm-SiO,, d: 78 nm-SiO,, e: 107 nm-SiO,, and f: 114 nm-Si0,), (B) atomic oxygen to silicon ratio, O/
Si, obtained from XPS, and (C) surface roughness confirmed by AFM of the thermal SiO, surface with different thickness of SiO, layers.
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iTR diamond ATR accessory. The contact angle was measured using a
FTA135 Contact Angle Analyzer with a 1 uL deionized water droplet.
High resolution transmission electron microscopy (HRTEM) images
and atomic resolution high-angle annular dark-field scanning TEM
(HAADF-STEM) images were obtained using an FEI Titan 80-300
operating at 300 kV. A commercial TEM grid from Ted Pella with a
40 nm thick thermal SiO, layer was used. Average particle sizes were
determined by manually counting at least 100 particles in the mi-
crographs. X-ray photoelectron spectroscopy (XPS) was carried out
with a PHI 5600ci instrument using a monochromatized Al Ka X-ray
source (1486.6eV). The pass energy of the analyzer was 23.5eV.
Binding energies were calibrated using the C 1s signal for ad-
ventitious carbon, which was assigned a binding energy of 285.0 eV

54 nm-SiO,

107 nm-SiO,

Bare Silicon wafer
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[29]. Atomic ratios were calculated based on sensitivity factors pro-
vided by the instrument manufacturer. Curve fitting of the C 1s
spectra was done using CasaXPS software.

3. Results and discussion

First, characteristics of the thermal SiO, layer with different SiO,
thicknesses and their relationship with the MOF growth were in-
vestigated in detail using FT-IR, XPS, AFM, and contact angle mea-
surements. Fig. 1 shows ATR infrared spectra, XPS-derived atomic
oxygen to silicon ratios, O/Si, and surface roughness of the thermal
SiO, surface with different SiO, layer thicknesses. ATR infrared
spectra of the thermal SiO, surface show two absorption bands at
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Fig. 2. (A) Photo-images and (B) water contact angle measurements of the bare silicon wafer and thermal SiO, surface with different thermal SiO, layers.
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around 1150-1250 cm ! and at 1020 cm ™! which correspond to the
longitudinal optical (LO) band and the transverse optical (TO) band
of the Si-O-Si stretching mode, respectively (Fig. 1A) [30,31]. The
relative intensity of the TO band increases when the thickness of the
thermal SiO, layer increases. This proves that the silicon atoms bond
with increasing amounts of oxygen atoms in the lattice structure
during the thermal oxidation process, leading to increasing oxygen
content in the nonstoichiometric SiOy produced as the thickness of
the oxide layer increases (Fig. 1B) [32]. We also observed a shift in
the position of the LO mode band with increasing oxygen content in
the SiO, layer. Surface roughness increased with slightly increasing
thermal SiO, thickness, confirmed by AFM (Fig. 1C). Note that there
is no direct evidence of OH— on the surface of thermal SiO, surface
from ATR infrared results.

As the thickness of SiO, increases, the hydrophilicity of the surface
increases as a result of the increase in the amount of Si(—0),, and any
OH— groups formed on the surface. An increase in oxide thickness
beyond 54 nm (up to 114 nm) did not result in a significant change in
the hydrophilicity of the thermal SiO, surface (Fig. 2).

Next, we investigated MOF growth on bare silicon and thermal SiO,
surfaces. As revealed by SEM images, particle growth is sparse on the
bare silicon surface (Fig. 3A). In contrast, more dense particles are
formed after 20 cycles of LBL growth on the thermal SiO, surface as
shown in the SEM images (Figs. 3B-3F), indicating strong interaction
between the thermal SiO, surface and precursors. HKUST-1 growth on
the thermal SiO, surface with different SiO, thicknesses was examined
because we expected that differences in substrate wettability and sur-
face roughness would affect HKUST-1 deposition. Similar surface cov-
erages were found after 20 cycles of LBL growth on different thermal
SiO, thicknesses. However, AFM data (Fig. 4) shows a small increase in
surface roughness of the HKUST-1 films with increasing thickness of the
thermal SiO, layer. The rougher films presumably have higher surface
areas, which might lead to enhanced growth rate by LBL cycling. This is
supported by the XRD results showing a small increase in XRD peak
intensities (Fig. 5). In addition, the growth of a HKUST-1 thin film after
20 cycles LBL growth was highly oriented along the [111] direction on
thermal SiO,, surfaces.

It was found that a HKUST-1 film at 20 cycles LBL growth shows
locally nucleated crystals on the thermal SiO, surface as opposed to
uniform and continuous film growth. Therefore, further investiga-
tions at initial LBL growth have been carried out in order to explore
the interactions between the thermal SiO, surface and chemical
species in the precursor solution. XPS analysis was performed on
three different substrates: bare thermal SiO,, thermal SiO, immersed
in Cu(OAc), solution, and thermal SiO, immersed in BTC solution. In
the C 1s spectrum (Fig. 6A) two significant peak envelopes are
identified for the first step immersion into Cu(OAc), solution. One is
at 285.0eV and is assigned primarily to adventitious carbon and
carbon bonded to hydrogen, while a smaller peak at 289.0 eV is at-
tributed to the carboxylate group (O=C—O0O) in Cu(OAc), [33,34].
This result indicates that nucleation starts immediately after immer-
sion into the Cu(OAc), solution. A peak at ~289.0 eV corresponding
to the three carbon atoms of the carboxyl groups in BTC [35] does not
appear after immersion into H3BTC solution, indicating that there are
no direct interactions between BTC and the thermally produced SiO,
surface. Note that there is no difference in binding energies between
the carbon atoms of the carboxylate group in Cu(OAc), and the car-
boxyl group in BTC.

The XPS spectrum of the Cu 2p3,» region following the first step
immersion in Cu(OAc), solution revealed peaks, which can be
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Fig. 3. FE-SEM images of the HKUST-1 thin films after 20 cycles LBL growth (A)
on bare silicon wafer, (B) on 34 nm SiO, layer, (C) on 54 nm SiO, layer, (D) on
78 nm SiO,, layer, (E) on 107 nm SiO, layer, and (F) on 114 nm SiO, layer.

correlated to Cu™ (933.8eV) and Cu?™ (935.4, 941.8 and 944.6 eV)
states, respectively (Fig. 6B). The two higher binding energy peaks
are from the shake-up satellite features associated with the Cu®>* on
the thermal SiO, surface [36,37]. It should be noted that the source of
the Cu™ state was confirmed to be a result of XPS-induced reduction
of Cu®* [36]. The Cu 2ps,, binding energies are higher than what are
reported for the corresponding bulk oxides for these two oxidation
states of Cu (Cu®™). This behavior has been reported many times for
Cu-containing species on oxide supports, especially those supported
on SiO,, and has been attributed to various phenomenon including
the nature of the interactions between the supported moieties and the
support [38,39]. The high value for the Cu 2p binding energy mea-
sured here is typically associated with low Cu concentrations well-
dispersed on the support, which is what would be expected after a
single immersion in the Cu(OAc), solution [38,39]. The XPS analysis
combined with the results of the other characterization techniques
supports that stepwise LBL growth of HKUST-1 on the thermal SiO,
surface is initiated by deposition of Cu(OAc), on the surface, followed
by ligand exchange between coordinated acetate from the copper
precursor and BTC ligands, leading to crystallite coalescence to form
a dense film.
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Fig. 4. AFM images of the HKUST-1 thin films after 20 cycles LBL growth (A) on bare silicon wafer, (B) on 34 nm SiO, layer, (C) on 54 nm SiO, layer, (D) on 78 nm
SiO, layer, (E) on 107 nm SiO,, layer, and (F) on 114 nm SiO;, layer. (G) Surface roughness confirmed by AFM of HKUST-1 films versus thickness of thermal SiO, layer.
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Fig. 5. XRD patterns of the HKUST-1 thin films after 20 cycles LBL method
growth on thermal SiO, surface with different thermal SiO, layers.

In the FT-IR spectra (Fig. 6C), the band observed around 1715 em~!
can be assigned to the H-bonded C=0 stretching vibration in BTC [40],
which is shifted to 1655cm™" after complexation with Cu®*, sug-
gesting that deprotonation has occurred. This indicates that the car-
boxylate groups (RCOO-) of BTC are coordinated to Cu®** during nu-
cleation of the HKUST-1 crystal structure.

Nucleation and growth kinetics of HKUST-1 on a thermal SiO,
surface were also investigated by HRTEM analysis, with special at-
tention given to samples at low LBL cycles. A commercial TEM grid
with a thermally grown 40 nm SiO, layer was used as the growth
substrate. Representative TEM (or STEM) and SEM images of the
grown HKUST-1 are shown in Fig. 7. It can be seen that very small
particles with an average size of 2.7 nm are formed at 2 cycles LBL
growth (Fig. 7A). At 4 cycles and 6 cycles LBL growth, larger particles
were observed with an average size of 4.5nm (Fig. 7B) and 8.3 nm
(Fig. 7C), respectively (See the average particle sizes at each LBL
cycle in Fig. 8). HRTEM imaging (insert of Fig. 7C) reveals single
crystals and aligned pores with a lattice distance of 0.35nm, illus-
trative of the tetrahedron-shaped side pockets viewed along the [111]
direction associated with HKUST-1. The inset in Fig. 7C also shows
the crystallographic structure from the [111] direction with trian-
gular windows. It is interesting that the different morphologies
showing a hexagonal shaped unit cell viewed along the [111]
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direction [41] are observed for 8cycles of LBL growth with an
average size of about 25.2nm (Fig. 7D and E). After 10 cycles of LBL
growth (Fig. 7F), a significant increase to an average size of 92.7 nm
with clear triangular shaped single crystals can be observed on the
thermal SiO, surface. The morphology of the crystals matches well
with the typical [111] facets of HKUST-1 reported in the literature
[42-44]. Concomitant with this crystal size increase is a fairly wide
particle size distribution for 10 cycles of LBL growth (Fig. 8).

We therefore propose that the LBL growth starts with formation of
small single nanoparticles on thermal SiO, surfaces, which then join
together as their density becomes greater and form the inter-grown
larger crystallites with increasing LBL cycles. This is expected to result
in a significant increase in average particle size when the particle
coalescence rate is greater than the nucleation rate on the thermal SiO,
surface. Triangular shapes with [111] facets that can grow on the
thermal SiO, surface are clearly observed as the number of LBL cycles is
increased (Fig. 7G). Thus the [111] direction appears to be favored for
selective crystal growth on a thermal SiO, surface, eventually resulting
in complete coverage by a thin film.

To further investigate the growth kinetics of HKUST-1 at high LBL
cycles on the thermal SiO, surface with a 107 nm-SiO,, layer, a corre-
lation between the HKUST-1 film thickness and number of LBL growth
cycles was performed. SEM images show that the surface coverage of
the HKUST-1 thin films proportionally increases when the number of
LBL cycles increases (Figs. 9A-9E). The LBL synthesis led to a stepwise
growth of HKUST-1 on the thermal SiO, surface and the film thickness
increases at a rate of 1.143 nm per cycle (Fig. 9F). This value is in very
good agreement with the deposition of a secondary building unit with
step heights of 1.1nm to 1.5nm per cycle at the [111] surface of
HKUST-1 [45,46]. This result indicates an ideal LBL growth of HKUST-1
films under the conditions used in this study. Cross-sectional SEM
images at different number of cycles show that homogeneous HKUST-1
thin films can be obtained by increasing the number of LBL growth
cycles. Uniform thin films with complete surface coverage were ob-
served after 80 cycles of LBL growth and the thickness of this film was
about 87.5 = 9.4 nm. The surface roughness was observed to decrease
as the film was formed, however, the surface roughness increases again
after 100 cycles LBL growth, with the film having a thickness of
104.8 = 11.7 nm (Fig. 10).

The XRD patterns of HKUST-1 thin films grown by the LBL method
until 80 cycles show only two reflections at 20 = 11.6° and 17.5°, which
can be indexed to the (222) and (333) planes of HKUST-1, respectively,
and the intensity of these peaks increases with increasing LBL cycles
(Fig. 9G). However, new diffraction peaks appear after 100 cycles at
20 = 6.7°, 9.5°, and 13.6°, which can be indexed to the (200), (220),
and (400) planes of the HKUST-1, respectively, implying less favorable,
non-oriented growth starting with adsorption of reactive precursors
from the solution. This result is presumably correlated with increases
the surface roughness again after 100 cycles LBL growth (Fig. 10). We
therefore conclude that ~80 cycles LBL growth of HKUST-1 generating
~90 nm of thickness under the conditions used in this study is required
for realization of a high quality uniform film with oriented growth on
thermal SiO, surfaces.

4. Conclusions
Thermal SiO, surfaces without thiol-based organic SAM layers

were directly used to produce highly oriented HKUST-1 thin films
along the [111] direction. XPS analysis supports the conclusion that
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immersion into Cu(OAc), solution. (C) FT-IR spectra of (a) BTC and (b) HKUST-1 showing that a deprotonation reaction occurred in the synthesis of HKUST-1 from

BTC.

the deposition of HKUST-1 by LBL growth on the thermal SiO, surface
is initiated by deposition of Cu(OAc), on the surface, followed by
ligand exchange of coordinated acetate from the copper precursor
with BTC ligands, eventually leading to crystallite coalescence to
form a dense film. TEM analysis indicates that the growth species first
form individual nanoparticles on thermal SiO, surfaces as seed sites,
which then grow with increasing LBL cycles. The thicknesses of the
HKUST-1 films can be readily controlled by the number of LBL growth

30

cycles, and uniform surface coverage with highly oriented growth
was obtained at ~80 cycles of LBL growth under the conditions used
in this study. We believe that a better understanding of nucleation
and growth of highly oriented MOF thin films on an oxide surface is a
fundamental step in the preparation of optoelectronic devices such as
chemical sensors, and provides important information in the devel-
opment and study of MOF-based thin films with new and unique
properties.
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Fig. 7. Representative (A-E) TEM (or STEM) and (F, G) SEM images of the HKUST-1 LBL growth on thermal SiO, surface. (A) 2 cycles (2.7 nm average diameter), (B)
4 cycles (4.5nm average diameter), (C) 6 cycles (8.3 nm average diameter, insert of HRTEM image and corresponded crystal structure of HKUST-1 showing the
tetrahedral side pockets with triangular windows of 0.35 nm in diameter which are open to main channels. Red = oxygen, green = copper, and gray = carbon.), (D)
8 cycles (25.2 nm average diameter), (E) Magnified image from particles indicated by dotted hexagonal line in Fig. 4D, (F) 10 cycles (92.7 nm average diameter), and
(G) 15 cycles. Corresponding SEM image of single particles (insets to F).
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Fig. 10. AFM images of the HKUST-1 thin films after different number of LBL growth cycles on thermal SiO, surface. (A) 0 cycle, (B) 20 cycles, (C) 40 cycles, (D)
60 cycles, (E) 80 cycles, and (F) 100 cycles. (G) Surface roughness confirmed by AFM of HKUST-1 films versus numbers of LBL growth cycles.
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