Metal-Organic Framework Templated
Synthesis of Ultrathin, Well-Aligned
Metallic Nanowires

Boris Volosskiy," Kenta Niwa," Yu Chen,* Zipeng Zhao,* Nathan O. Weiss,* Xing Zhong," Mengning Ding,*

Chain Lee," Yu Huang,*$ and Xiangfeng Duan

*,1.8

*Department of Chemistry and Biochemistry, *Department of Materials Science and Engineering, and SCalifornia Nanosystems Institute, University of California,

Los Angeles, Los Angeles, California 90095, United States

ABSTRACT With well-defined porous structures and dimen-
sions, metal-organic frameworks (MOFs) can function as versatile
templates for the growth of metallic nanostructures with precisely
controlled shapes and sizes. Using MOFs as templates, metallic
nanostructures can be grown without the need of bulky surfactants
and thus preserve their intrinsic surface. Additionally, the high
surface area of MOFs can also ensure that the surface of the template

metallic nanostructures is readily accessible, which is critical for the
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proper function of catalysts or sensors. The hybrid metal@MOF structures have been demonstrated to exhibit useful properties not found in either

component separately. Here we report the growth of ultrafine metallic nanowires inside one-dimensional MOF pores with well-controlled shape and size.

Our study shows that solvent selection plays an important role in controlling precursor loading and the reduction rate inside the MOF pores for the

formation of the nanowires. The growth of the well-aligned, ultrathin nanowires was monitored and characterized by transmission electron microscopy,

X-ray diffraction, UV—vis spectroscopy, fluorescence studies, and Brunauer—Emmet—Teller surface area analysis.
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etal-organic frameworks (MOFs)

have emerged as a new class of

porous, multifunctional materials
with great variations in their structures and
properties. To date, the research efforts on
MOFs have been primarily focusing on the
synthesis of new structures for general ap-
plications in gas storage and separation.'
More recently, other properties and applica-
tions have been explored including cataly-
sis, sensing, and as components for the
synthesis of hybrid materials.’>~'? In parti-
cular, there have been numerous reports of
noble metal nanoparticles and MOF hybrids
(metal@MOF) for a variety of applications.
Furukawa and co-workers reported the syn-
thesis of a MOF shell around previously
synthesized Au nanorods, which they used
for photothermal gas release.”® Huo et al.
reported similar growth of a zeolitic imida-
zolate framework (ZIF) around a variety of
noble metal nanostructures, which were
characterized for optical and catalytic appli-
cations." These two reports are just a few of
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the recent examples in this rapidly growing
field due to the interesting properties and
promising applications of these hybrid
materials.">™2* Despite the increasing re-
ports in the past few years, there are none
that emphasize synthetic possibilities of
using pore dimension to control the shape
and size of the resulting nanostructures.
Extensive research has been conducted
on controlling the shape and size of metal
nanostructures due to their unique plasmo-
nic resonance, catalytic behavior, and sens-
ing ability, among many other promising
applications.>**> A variety of metallic nano-
structures of different shapes and sizes have
been synthesized. Challenges still remain in
fully controlling the dimensions and mor-
phologies of these nanostructures, as well
as maximizing the exposure of the active
surfaces.?%’ By using surfactants or selected
capping ligands, the shape and size can
often be precisely controlled, but the cap-
ping ligands limit the accessibility of the
surface. A potential solution to this challenge
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Figure 1. Model of MOF-545 with 1D pores as templates for
the synthesis of well-aligned nanowires.

is to use a template that confines the growth of the
nanostructures. This can prevent aggregation, control
the shape and size, and allow for a large percentage of
exposed metallic surface due to the absence of surfac-
tants. An ideal template should have nanosized pores
that could easily be modified to display a variety of
shapes and sizes, as well as maintain its structure in a
multitude of conditions. High surface area is also
optimal to allow access to the resulting nanostructures,
without having to dissolve away the template.®® Im-
portantly, MOFs fit all these requirements and further-
more have also been shown to exhibit synergistic
effects and properties. The hybrid nanoparticles@MOF
materials have been shown to display unique catalytic,
sensing, and chemi- and physisorption capabilities not
found in either nanoparticles or MOFs alone.?*~33

There have been previous reports of growing nano-
particles inside 3D MOFs, but to the best of our knowl-
edge, there is no report that uses one-dimensional (1D)
MOF pores to grow 1D nanostructures. Here we demon-
strate the first example of using 1D-channel MOF pores
to synthesize well-aligned Au and Pt nanowires with the
dimensions determined by the size of MOF pores. Figure
1 schematically illustrates the formation of well-defined
metallic nanowires inside the 1D pores of the MOF-545
template. MOF-545 contains cubic ZrgOg(CO,)g(H,0)g as
the secondary building units, which are connected by
four-coordinated tetrakis(4-carboxyphenyl)porphyrin
(TCPP) linkers. These two components form a hexago-
nal framework with unit cell parameters of a = 42.545 A
and c = 16.96 A 3* MOF-545 features channel-like pores
along its c-axis with a channel periodicity of 37 A.
Considering the out-of-plane benzene rings, bulky
zirconium clusters, and solvent molecules around the
clusters, the inner diameter of the channel is expected
to be approximately 30 A (Figure S1).

RESULTS

The MOF-545 template was prepared using a pre-
viously reported method,** and its structure was con-
firmed by powder X-ray diffraction (PXRD). The most
prominent diffraction peaks at 36.9 A and 18.5 A corre-
spond to the (010) and (020) lattice spacing of the
MOF-545 crystals (Figure 2a). The morphology of the
as-synthesized MOF was characterized using transmis-
sion electron microscopy (TEM) (Figure 2b—d). In gen-
eral, the MOF crystals exhibit a wire-like morphol-
ogy (Figure 2b and inset). The high-magnification TEM
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Figure 2. Characterization of the as-synthesized MOF. (a)
PXRD of the as-synthesized MOF-545. (b) Low-magnification
TEM image of the MOF, showing wire-like morphology. The
inset shows a lower magnification image with multiple MOF
wires. (c) High-magnification TEM image showing (001)
lattice fringes perpendicular to the MOF wire axis. (d) Low-
magnification TEM image showing (020) lattice fringes par-
allel to the MOF wire axis. The red arrows indicate the MOF
wire axis direction.

images show clear lattice fringes perpendicular and
parallel to the nanowire axis, which can be mistaken
as the pore channels at first glance (Figure 2¢, 2d). A
careful analysis of the high-magnification TEM images
reveals a line spacing of 1.65 nm (Figure 2c) and 1.85 nm
(Figure 2d), respectively. Upon further analysis of these
gratings in a high-resolution TEM image and its fast
Fourier transform (FFT) (Figure S2), the 1.85 nm distance
seen in Figure 2d corresponds to the spacing between
(020) lattice planes. The 1.65 nm spacing that can be
seen perpendicular to the MOF nanowire axis cor-
responds to the (001) direction (Figure 2c).

It was hypothesized that the growth of the nano-
wires inside the MOF pores required the metallic
precursor solution to favorably diffuse inside. Once
the metal ions are within the MOF pores, optimal
nucleation and growth rates are crucial to obtain dense
nanowire arrays throughout the MOF. The ideal reduc-
tion conditions would prevent excessive growth that
could lead to MOF breakdown, while still allowing the
formation of long nanowires. To this end, the solvent
and reducing agent are critical. To discover the best
solvent system, we attempted loading and reducing
gold chloride in a series of solvents, including water,
acetone, hexane, acetic acid, and sodium hydroxide.
The reaction solution was prepared by dissolving 9 mg
of gold chloride hydrate in 10 mL of solvent,and 0.5 mg
of MOF-545 was added to the mixture. The vial was
capped and allowed to react at 35 °C for 14 h.

In general, because of the polar nature of MOF-545
crystals, the MOF particles cannot be dispersed well in
nonpolar solvents such as hexane, and consequently,
no gold nanoparticles were observed in the MOF pores
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Figure 3. MOF-545 as a template for the nucleation and
growth of Au nanoparticles. (a) TEM image showing the
high density of small Au particles, synthesized by low
heating of Au precursor in acetone. (b) TEM image of
samples synthesized in water, displaying nanorods and
wires in high density with diameters on average of ~10 nm.

or on the MOF surface. In the case of acetone solution,
a high density of high-contrast Au nanoparticles
were seen in the MOF crystals (Figure 3a), suggesting
that gold chloride dissolved in acetone can readily
diffuse into the MOF pores and favorably interact with
the MOF-545 template. The observation of nanoparti-
cles inside the MOF pores confirms the presence of
precursor inside the MOF, but there is an apparent lack
of elongation. The lack of growth along the long-
itudinal direction of the pores is likely due to the
absence of a reducing agent and very high [H'] con-
centration (from the strong acidic nature of the gold
chloride hydrate precursor), conditions in which gold
chloride may not be readily reduced.

Interestingly, the reactions in water produced a large
number of elongated nanowires inside the MOF crystal
(Figure 3b). It is evident from the TEM image that the
Au nanowires exhibit a variable diameter distribution
with an average around 10 nm. This diameter is con-
siderably larger than the expected value based on the
3.0 nm pore diameter in the MOF crystals, which
suggests partial breakdown of the MOF crystal. Struc-
tural analysis by XRD reveals expected MOF-545
diffraction peaks and the appearance of Au peaks
(Figure S3), suggesting that the overall MOF-545 struc-
ture is maintained despite the partial breakdown dur-
ing formation of larger Au nanowires.

As compared with acetone, the reactions in water had
much lower [H*] with an initial pH of 3.1. It has been
previously suggested that the redox potential of gold
chloride increases with pH.3*>~3” Therefore, with decreas-
ing [H*] concentration and increasing pH, it is not a
surprise to see more gold chloride reduction and gold
nanoparticle formation. We have further investigated the
dependence of the MOF stability and gold aggregation
based on pH by conducting the reaction in 0.001 M NaOH
with an initial pH of 7.7. These reactions showed very
large aggregates with no apparent shape and excessive
MOF breakdown, confirming the increased reduction
and MOF breakdown under high-pH conditions.

Finally, the samples prepared in 0.5 M acetic acid
show a high density of ultrathin, well-aligned nanowires
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Figure 4. Au nanowire formation in MOF-545 in 0.5 M
glacial acetic acid. (a, b) TEM image showing long, thin,
aligned nanowires with 2—3 nm diameters at (a) lower and
(b) higher magnifications. (c) XRD of Au@MOF-545 using
acetic acid solvent system, showing retention of the MOF
structure and confirming Au(0) formation. (d) TEM images
with the hexagonal MOF template showing the cross sec-
tion of the MOF and Au wires.

with diameters of 2—3 nm (Figure 4). The results seen in
this system can be attributed to the presence of acetic
acid as a weak reducing agent as compared to the
system with just water. The reactions done in acetic acid
were measured to have an initial pH of 2.95, very similar
to the pH of 3.10 observed in water. The presence of
acetic acid as a reducing agent likely promotes more
nucleation, which in turn limits the amount of precursor
left for elongation and growth. The slightly lower pH
may enhance MOF stability and thus lead to the forma-
tion of highly uniform nanowire arrays defined by the
MOF pore dimension. Further evidence can be seen
when comparing the densities of wires synthesized in
water to those synthesized in acetic acid. It is evident
that there is a much higher density of thinner nanowires
in the acetic acid system (Figure 4), as compared to
lower densities of larger nanowires in water (Figure 3b).
Figure 4c shows the XRD data of the samples synthe-
sized in acetic acid, confirming the retention of the MOF
structure and appearance of gold peaks (Figure 4c inset).

The high densities of wires make it rather challenging
to image individual nanowires due to significant overlap
and limited contrast, especially toward the center of the
MOF wire. To further confirm the presence of the gold
nanowires inside the MOF pores, we prepared a cross-
section sample using focused ion beam (FIB) cutting
and analyzed the sample by TEM imaging (Figure 4d).
The TEM image showed that the cross section of the
MOF contains a high density of round Au cross sections.
Furthermore, it is apparent that the Au nanowire cross
sections fit into a hexagonal structure of the MOF
template. The optical properties of the Au@MOF sam-
ples containing the ultrathin nanowires were character-
ized using fluorescence measurements and UV-—vis
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(Figures S4, S5). The UV—vis showed a shift of the S and
Q-band peaks, consistent with the formation of Au(lll)
TCPP.33% The small 2—3 nm diameter of the gold
nanowires and the presence of the porphyrin-MOF shell
highly limit the relative intensity of the transverse
plasmon resonance and make it nearly impossible to
isolate the plasmon resonance peak from the Q-band at
535 nm. 3832 The fluorescence of the Au@MOF samples
was quenched (Figure S4) and can be attributed to the
formation of the Au(lll)TCPP complex and quenching by
the gold nanowires 382

The above studies clearly demonstrate that MOF
crystals can function as a robust template for the
synthesis of ultrafine nanowires with precisely con-
trolled diameter. To further show that this is a general
strategy that can be extended to a wide variety of
materials, we have used MOF-545 as the template to
prepare Pt nanowires. At first, the same synthetic system
was attempted; a 0.5 M acetic acid solution containing
platinum chloride hydrate was added to MOF-545. The
initial reactions led to very high densities of particles
(Figure S6), very similar to the results seen with gold in
acetone. These results were consistent since Pt(ll)/Pt has
a lower redox potential (E° = 1.19V) than Au(lll)/Au (E° =
1.54 V) and therefore would require a stronger reducing
environment to mimic the same reduction and nuclea-
tion rates used for gold. To this end, we have used a
stronger reducing environment (formic acid in ethylene
glycol) to successfully obtain a high density of ultrathin,
well-aligned Pt nanowires with diameters of 2—3 nm
(Figure 5a,b) in MOF-545. We have also investigated the
Pt@MOF material using cross-sectional TEM images. The
lower magnification TEM showed a high density of
nanowires throughout the cross section (Figure 5c),
displaying hexagonal symmetry with a periodicity of
4.2 nm (see FFT in inset in Figure 5c). The high magni-
fication images were overlaid by the MOF-545 model
(Figure 5d), further demonstrating the expected hexa-
gonal array.

The Pt@MOF-545 samples were also characterized by
fluorescence measurements, UV—vis, XRD, and Bru-
nauer—Emmet—Teller (BET) surface area measurements
(Figures S4, S5, S7, and S8). The fluorescence measure-
ments showed the same type of quenching behavior as
seen in Au@MOF-545 samples. The UV—vis spectra
showed the overall peak structure of MOF-545 and
TCPP. Surface area measurements were performed on
both Pt@MOF-545 and Au@MOF-545 samples, as well
as a bare MOF-545 template. MOF-545 was mea-
sured to have a BET surface area of 2200 m?/g, compar-
able to the previous reports.>* The BET surface area of

METHODS

Au@MOF-545 in acetone/water/hexane: 9 mg of gold chlor-
ide hydrate HAu(lll)Cl, was dissolved in 10 mL of acetone/
water/hexane. A 0.5 mg amount of MOF-545 was added to the
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Figure 5. Pt nanowire formation in MOF-545 in ethylene
glycol and formic acid. (a) TEM images showing long, thin,
aligned nanowires with 2—3 nm diameters. (b) Higher
magnification TEM image of the same area seen in (a). (c)
TEM image showing a low-magnification cross section with
nanowire growth in the hexagonal lattice as seen by the
FFT. (d) Higher magnification TEM image showing the
hexagonal model of the MOF fitted over the cross section.

Au@MOF-545 or Pt@MOF-545 samples ranged from 100
t0 400 m?/g, depending on the amount of metal loaded.
The reduction of specific surface area is partly attributed
to the mass increase upon loading with Au or Pt.

CONCLUSION

In summary, we have demonstrated the first suc-
cessful synthesis of metal nanostructures in which the
shape of the MOF pore controls both the morphologies
and dimensions of the nanostructures. The nanostruc-
tures grown inside the MOF do not have long-chain
surfactants on them, and the high surface area of the
MOF allows for easy access to the surface. In addition,
the hybrid nanostructures@MOF can be directly used
for catalysis, without having to put the particles on
other substrates postsynthesis. MOFs not only can
serve as templates and supports but also can be
modified to enhance or assist the properties and
applications of the nanostructures. The presence of
porphyrin active sites, high surface area, plasmonic
gold nanowires, or highly active platinum nanowires
offers a powerful combination of highly distinct prop-
erties, opening up exciting opportunities for many
applications. Notably, the system reported here offers
great potential and is currently being investigated as a
synergistic catalyst for a variety of reactions.

solution, and the capped vial was briefly sonicated and
allowed to react for 14 h at 35 °C. The MOF was then ex-
changed with acetone three times to wash away any un-
reacted precursor.
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Au@MOF-545 in NaOH: 9 mg of gold chloride hydrate HAu-
(INCl, was dissolved in 9.6 mL of water and 2.5 mg of NaOH. A
0.5 mg amount of MOF-545 was added to the solution, and the
capped vial was briefly sonicated and allowed to react for 14 h at
35 °C. The MOF was then exchanged with water and acetone
three times to wash away any unreacted precursor.

Au@MOF-545 in sodium acetate: 9 mg of gold chloride
hydrate HAu(lll)Cl, was dissolved in 9.6 mL of water and
20 mg of sodium acetate. A 0.5 mg amount of MOF-545 was
added to the solution, and the capped vial was briefly sonicated
and allowed to react for 14 h at 35 °C. The MOF was then
exchanged with water and acetone three times to wash away
any unreacted precursor.

Au@MOF-545 in acetic acid: 9 mg of gold chloride hydrate
HAu(ll)Cl4 was dissolved in 9.6 mL of water and 0.4 mL of glacial
acetic acid. A 0.5 mg amount of MOF-545 was added to the
solution, and the capped vial was briefly sonicated and allowed
to react for 14 h at 35 °C. The MOF was then exchanged with
water and acetone three times to wash away any unreacted
precursor.

Pt@MOF-545 in acetic acid: 7 mg of platinum chloride hydrate
H,Pt(I)Cl, was dissolved in 9.6 mL of water and 0.4 mL of glacial
acetic acid. A 0.5 mg amount of MOF-545 was added to the
solution, and the capped vial was briefly sonicated and allowed to
react for 14 h at 35 °C. The MOF was then exchanged with water
and acetone three times to wash away any unreacted precursor.

Pt@MOF-545 in EG/formic acid: 7 mg of platinum chloride
hydrate H,Pt(Il)Cl, was dissolved in 9.6 mL of ethylene glycol
and 0.4 mL of formic acid. A 0.5 mg amount of MOF-545 was
added to the solution, and the capped vial was briefly sonicated
and allowed to react for 14 h at 30 °C. The MOF was then
exchanged with water and acetone three times to wash away
any unreacted precursor.
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