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ABSTRACT

Metal-organic frameworks (MOFs) and silicon nanowires (SiNWs) have been extensively studied due to their
unique properties; MOFs have high porosity and specific surface area with well-defined nanoporous structure,
while SiNWs have valuable one-dimensional electronic properties. Integration of the two materials into one
composite could synergistically combine the advantages of both materials and lead to new applications. We
report the first example of a MOF synthesized on surface-modified SiNWs. The synthesis of polycrystalline
MOF-199 (also known as HKUST-1) on SiNWs was performed at room temperature using a step-by-step (SBS)
approach, and X-ray photoelectron spectroscopy, X-ray diffraction, scanning electron microscopy, transmission
electron microscopy, and energy dispersive spectroscopy elemental mapping were used to characterize the
material. Matching of the SINW surface functional groups with the MOF organic linker coordinating groups
was found to be critical for the growth. Additionally, the MOF morphology can by tuned by changing the
soaking time, synthesis temperature and precursor solution concentration. This SINW/MOF hybrid structure
opens new avenues for rational design of materials with novel functionalities.
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ion/molecule sensing [12, 13], and drug delivery
[14, 15]. The functionality of MOFs can easily be tuned

1. Introduction

Metal-organic frameworks (MOFs) are porous cry-
stalline materials in which metal ions are joined by
organic linkers [1-4]. Due to their unique characteristics,
such as high surface area and ordered micropores/
mesopores, MOFs have a wide range of applications
in gas storage [5-8], gas separation [9, 10], catalysis [11],
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by changing the organic/inorganic components or by
post-modification [16]. However, MOFs are usually
insulating, which is a limiting factor for their
application [17]. Hence, complexing high surface area
MOFs with other conducting/semiconducting materials
would open doors to new applications not possible
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before. Nanowires, particularly silicon nanowires
(SiNWs), with their unique one-dimensional (1D)
structure and controllable properties, have been studied
for a decade and have attracted a great deal of interest
with applications including transistors [18], nano-
sensors [19], solar cells [20], lithium ion batteries [21],
and thermoelectric devices [22]. Integrating the one-
dimensionality and electronic properties of SiNWs
with the high surface area and porosity of MOFs
would combine the unique properties of both materials
and lead to novel applications.

In this study, we demonstrate for the first time a
general approach to functionalize SiNWs with MOFs.
To achieve uniform MOF deposition on SiNWs, a
method that allows nanoscale thickness control is
desirable. Conventional solvothermal synthesis usually
produces bulk crystals of MOFs [23, 24]. Recently, a
step-by-step (SBS) method was reported for synthesis
of uniform thin films of MOFs with controllable thick-
ness on both flat and nonstandard substrates [25-30].
Here we apply this SBS method to synthesize MOF-199
on SiNWs. MOF-199 (also known as HKUST-1 and
Cugs(btc),, btc =1,3,5-benzenetricarboxylate) is chosen
because it is a well-studied benchmark MOF [23]
and it has vacant coordination sites at Cu centers for
selective gas absorption [31]. Our fabrication steps
are illustrated in Fig. 1. First, single crystalline SINWs
were grown on a Si(100) wafer using the Au-catalyzed
vapor-liquid-solid process [32-37]. Oxygen plasma
treatment was applied to clean the NW surface and to
form a thin layer of SiO,. Then, SINWs were treated
with (3-cyanopropyl)trichlorosilane to form cyano
groups on the surface, which were further converted
to carboxyl groups by concentrated sulfuric acid

_ MOF ~

SINW on SINW s i
L AR
L M Linker FANE Fo b R 7

L =—COOH., M"* = Cu*, Linker = H;btc
Figure 1 Schematic illustration of the synthesis of MOF-199 on
SiNWs by using step-by-step (SBS) growth. On the right is the

structure of MOF-199 (excluding guest species) viewed along the
[100] direction
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treatment [38]. Last, the SINWs modified with carboxyl
groups (Fig.1, left) were alternately soaked in an
ethanol solution of copper(1Il') acetate (Cu(OAc),) and
another ethanol solution of 1,3,5-benzenetricarboxylic
acid (H;btc) for 40 cycles. Each soaking lasts for 20 s.
After each soaking, the sample was washed with
ethanol to remove the excess reactant on the surface.
In this way, MOF-199 can be successfully grown on
SiNWs (Fig. 1, right).

2. Experimental
2.1 Synthesis and surface modification of SINWs

SiNWs were grown inside a tube furnace using the
vapor-liquid-solid method. First, a 5i(100) wafer was
covered by a 50 nm evaporated Au film as catalyst.
The substrate was heated to 485 °C and silane (SiH,,
2% in Ar) was flowed in at 80 sccm with a total
chamber pressure of 30 Torr. The growth time was
20 min. The resulting SiNWs were treated with oxygen
plasma for 5 min to produce a thin layer of SiO, on
the SiNWs. To modify the SINW surfaces with cyano
groups, they were immersed in an anhydrous toluene
solution of (3-cyanopropyl)trichlorosilane (1%) in an
Ar-filled glovebox for 12 h, followed by rinsing in
anhydrous toluene and ethanol. The -CN-modified
SiNWs were hydrolyzed by heating in 50% (v/v)
aqueous sulfuric acid at 150 °C for 3 h to obtain
-COOH-modified SiNWs.

2.2 Step-by-step (SBS) growth of MOF-199 on
SiNWs

Unless otherwise specified, -COOH-modified SiINWs
were alternately soaked in a 10 mmol/L copper(1l)
acetate (Cu(OAc),) ethanol solution and a 50 mmol/L
Hjbtc ethanol solution at room temperature for 10,
20, or 40 cycles. Each soaking lasted for 20s. After
each soaking, the sample was washed with ethanol to
remove the excess reactant from the surface. For surface
comparison experiments, SBS growth of MOF-199 on
unmodified SiINWs was carried out in the same way.

2.3 Characterization of MOF-199 on SiNWs

Characterization was done using X-ray photoelectron
spectroscopy (XPS, SSI 5-Probe, monochromatized Al
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Ko radiation at 1486 eV), X-ray diffraction (PANalytical
X'Pert PRO, Ni-filtered Cu Ko radiation), scanning
electron microscopy (FEI Sirion), and transmission
electron microscopy (FEI Tecnai G2 F20 X-twin with an

energy dispersive spectroscopy (EDS) X-ray detector).

To form EDS elemental maps, 40 x 80 pixel spectra with
an acquisition time of 500 ms per pixel were acquired
in scanning TEM (STEM) mode.

3. Results and discussion

The growth of MOF-199 on SiNWs is reflected by the
color change of the sample. As shown in Fig. 5-1 in
the Electronic Supplementary Material (ESM), as-
synthesized SiINWs are brown, while MOF-199 powders
are blue due to the presence of coordinated copper
ions in the framework. With increasing number of
SBS growth cycles, the color of the SiNWs became
more blue, indicating the growth of the MOF on the
SiNWs (Fig. S-1 in the ESM). Apart from the color
changes, the surface characteristics of the SINWs should
also change after MOF growth. X-ray photoelectron

spectroscopy (XPS) analysis was therefore carried out.

The major surface elements on as-synthesized SINWs
are silicon and oxygen (Fig. 2, orange line) from the
native surface oxide. After MOF growth, the carbon 1s
and oxygen 1s peaks increase in intensity while the
silicon peaks decrease in intensity (Fig. 2, blue line).
The Cu 2p;, peak, which originates from the Cu in
MOF-199, is clearly visible after the growth process.
Therefore, the surfaces of the SINWs are terminated
by MOF components (either organic linker or Cu).
Since XPS has an analysis depth of 1-5 nm, which is
beyond the size of one btc linker (<1 nm), we cannot
determine whether Cu ions or organic linkers are
present at the outer surface layer. However, the SBS
growth ends with soaking in Hsbtc solution, so it is
expected that the organic linkers terminate the MOF
at the outer surface.

The X-ray diffraction (XRD) pattern of MOF-199 on
SiNWs was essentially identical to that of MOF-199
powder synthesized according to the literature [24],
confirming the growth of crystalline MOF-199 on
SiNWs (Fig. 3). All the MOF peaks are present in the
diffraction pattern of SINW/MOF sample. Apart from
the peaks produced by MOF-199, one more peak at
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Figure 2 X-ray photoelectron spectroscopy (XPS) results from
pristine SINWs, —CN modified SiNWs, -COOH modified SINWs,
and MOF-199 grown on SiNWs. All the spectra were collected
under the same conditions without further processing
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Figure 3 XRD patterns of the as-synthesized MOF-199 grown
on SiNWs and the MOF-199 powder synthesized according to
Ref. [24]. The Si(111) peak is truncated to show the peaks from
MOF-199. Complete patterns are shown in the inset

the 26 value of 28.4° can be indexed to Si(111). This
peak is from the SiNWs, because the substrate is a
(100)-oriented silicon wafer.

Scanning electron microscopy (SEM) images show
that as-synthesized SiNWs have smooth surfaces and
have an Au catalyst particle on the tips (Fig. 4(a)). After
40 cycles of SBS growth, the surfaces become rough
due to the growth of MOF-199 on the SiNWs (Fig. 4(b)).
The MOF grown on SiNWs has a much smaller
domain size than that in the powder form (usually
micron-sized). The smaller crystal size is due to the
step-by-step (or layer-by-layer) nature of the crystal
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growth mechanism. Ideally, each crystal grows by
one layer of molecular building blocks in each step,
allowing the crystal size to be controlled within the
range of several or several tens of nanometers [39],
which allows for more precise size control than for
the MOF powder obtained using the conventional
solvothermal method. It is also noted from the SEM
images that the MOF almost covers the whole NW
surface area, including the tips where the Au catalyst
particles are located. This conformal growth can also
be attributed to the SBS growth. Because the two
building blocks, Cu(OAc), and Hjbtc, are supplied in
two separate steps, the nucleation and crystal growth
of MOF only happen at the SINW surfaces. Given the
smooth surfaces of SiNWs and the conformal -COOH
modification, the MOF will cover the whole NW
surface area. Therefore, this SBS growth mechanism
is ideal for the nanoscale functionalization of SINWs
with MOFs. To study the morphology evolution during
SBS growth of MOF-199 on SiNWs, SEM images were
taken after 0, 10, 20, and 40 growth cycles (Fig. S-2 in
the ESM). After 10 SBS cycles, the nucleation of MOF
crystals is evident at discrete locations on the NW
surfaces. With more growth cycles, both the number
and size of the MOF nanocrystals increases. After 40

cycles, a uniform MOEF-199 coating covers the whole
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Figure 4 SEM images of (a) as-grown SiNWs and (b) MOF-199-
coated SiNWs after 40 cycles of SBS growth; (c) TEM image of
MOF-199-coated SiNWs after 40 cycles of SBS growth

surface of the SiINWs. The thickness of the MOF shell
can be tailored by controlling the number of cycles.

The structure of MOF-199 on SiNWs was studied
by transmission electron microscopy (TEM). After 40
cycles of SBS growth, SINW/MOEF-199 hybrid was
detached from the substrate and attached to a TEM
grid. As shown in Fig. 4(c), the SINW core in the middle
has slightly higher contrast than the MOF shell. The
lower contrast of MOF-199 could be caused by its
high porosity (the void fraction is 0.41 according to
Ref. [23]) and organic components. MOF-199 has a
density of 1.22 g/cm?® [23], only about half of the density
of crystalline Si (2.33 g/cm?). It is also shown in Fig. 4(c)
that the MOF conformally coats the SINWs and causes
moderate surface roughness. The thickness of the MOF
shell is about 80-120 nm after 40 cycles of SBS growth.
On average, the thickness increases by 2-3 nm every
cycle, which is on the order of unit cell dimension
(2.6 nm) [23]. This result suggests that the MOF shell
grows by a layer-by-layer mechanism. Additionally, the
MOF grown on SiNWs is not as smooth as that grown
on flat substrate. Furthermore the obtained MOF is
polycrystalline. This could be due to the nanoscale
curvature of the SINW surfaces, which prevents the
formation of single-crystalline films.

Energy dispersive spectroscopy (EDS) elemental
mapping was carried out to study the spatial
distribution of Si (from the SiNWs) and Cu (from the
MOFEF-199) (Fig.5). Nickel TEM grids were used so
that the Cu signal arose only from the MOF-199. The
Si elemental signal is spatially localized in the core
with a sharp boundary at the edge of the NW, which
confirms that the SINW structure is not affected by
the MOF-199 coating. The Cu signal from the MOF is
dispersed primarily in the shell around the SiNW,
which indicates a surface coating of MOF-199 on
the SiNWs.

Matching the surface functional groups on the
SiNW surface with the organic linker of the MOF in the
synthesis is the critical step leading to strong chemical
bonding and therefore a high quality coating of MOF
on SiNWs. XPS was used to characterize the surface of
the SINWs after every step of the surface modification
process (Fig. 2). The simultaneous appearance of the
N(1s) and C(1s) peaks (green spectrum) indicates the
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Figure 5 Dark-field scanning transmission electron microscopy
(STEM) image and energy dispersive spectroscopy (EDS) elemental
mapping of MOF-199 on a SiNW indicating the spatial elemental
distribution of silicon and copper. The copper signal is from
MOF-199

presence of the cyano groups on the SiNWs, while the
disappearance of the N(1s) peak and the preservation
of the C(1s) peak after sulfuric acid treatment (pink
spectrum) indicates the conversion of the cyano groups
to carboxyl groups. For comparison, SBS growth of
MOF-199 was performed on SiNWs without surface
modification (5iNWs with native oxide). A SEM image
(Fig. 6) shows that MOF-199 aggregates and forms
non-uniform coatings on unmodified SiINWs, even
after 60 cycles of SBS growth. In addition, the growth
of MOF-199 occurs much more slowly on native
oxide-covered SiNWs (Fig. S-3 in the ESM) than on
-COOH-modified SiNWs (Fig. S-2 in the ESM). These
observations show that the -COOH modification of
SiNWs is crucial for the successful growth of MOF-199
on SiNWs. Similar effects have been reported for the
growth of MOF-5 on flat silica substrates and the
growth of MIL-47 on polyacrylonitrile substrates
[40, 41]. Adopting this general guideline, the SBS
growth of MOF-199 on SiNWs could be extended to a
broader choice of coordination polymers on NWs.
For example, zeolitic imidazolate frameworks (ZIFs)
[42—44]) on -NH,-modified SiNWs can be anticipated.

Figure 6 SEM image of MOF-199 grown on unmodified
SiNWs with 60 cycles of SBS growth. The SiNWs had no
—COOH modification and only had native oxide on their surfaces.
MOF-199 grew slowly and formed non-uniform coatings on
these unmodified SINWs

The effect of varying the solution concentration,
immersion time and growth temperature on the
morphology of MOF-199 grown on SiNWs was also
studied. First, the Cu(OAc), solution concentration
was reduced from 10 mmol/L to 1 mmol/L and the H;btc
solution concentration was reduced from 50 mmol/L
to 0.1 mmol/L. At the same time, the immersion time
was increased from 20 s to 30 min in Cu(OAc), and
60 min in Hsbtc. Under these conditions, 30-50 nm
bud-like domains of MOF-199 are obtained on SiNWs
with high coverage after 10 growth cycles (Figs. 7(a)
and 7(b)). It is clear that longer immersion times allow
the MOF-199 crystal to grow larger. This may be due
to Ostwald ripening during the SBS growth of the
MOF-199 [45]. Next, the SBS growth temperature was
increased from 25 °C to 60 °C while keeping the low
concentrations (0.1 and 1 mmol/L) and long immersion
times (30 and 60 min for each solution, respectively).
Interestingly, the resulting MOF-199 (Figs. 7(c), 7(d)
and Fig.5-4 in the ESM) has smaller domain size
and similar morphology to that synthesized at 25 °C
with higher solution concentrations (10 and 50 mmol/L)
and shorter immersion times (20 s), as shown in
Figs. 4(b) and 4(c). The higher nucleation rate at higher
temperature may be the reason for the small domain
size [46]. These experiments show that the morphology
of the MOF-199 grown on SiNWs can easily be tuned
by adjusting the solution concentration, immersion

time and growth temperature.
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Figure 7 (a, b) TEM images of MOF-199 grown on SiNWs at
25 °C with 10 cycles of SBS growth. SINWs on a substrate were
alternately immersed in a 1 mmol/L Cu(OAc), ethanol solution
for 30 min and a 0.1 mmol/L Hsbtc ethanol solution for 60 min.
(c, d) TEM images of MOF-199 grown on SiNWs at 60 °C with
10 cycles of SBS growth. The SiNWs were alternatively immersed
in a 1 mmol/L Cu(OAc), ethanol solution for 30 min and a
0.1 mmol/L H;btc ethanol solution for 60 min

4. Conclusions

For the first time, we have demonstrated that a metal-
organic framework can be grown on the surface of
SiNWs by a step-by-step growth mechanism. This
mechanism allows controllable and conformal growth
of MOFs at the nanometer scale. The MOF-199 grown
on SiNWs is polycrystalline with good surface coverage.
We have found that the matching of the SINW surface
groups and the MOF coordinating groups is crucial
for the successful growth of MOFs on SiNWs. In
addition, the morphology of MOF grown on the SINWs
has been found to depend on the solution concentration,
immersion time, and growth temperature. Given the
flexible methods for the chemical modification of SINW
surfaces, the growth of a wide range of MOFs and

ZIFs on SiNWs is anticipated. The hybridization of
these two kinds of unique materials opens doors for
exciting new applications combining the advantageous
properties of both materials.
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