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Abstract

We propose a novel black gold-like structure on the base of plasmonic nanostructures incorporated in the
MOFs cavities for potential application in solar energy and photochemistry. Mean hybrid structure was
prepared by sputtering of gold on the MOFs decorated substrates. Since the size of gold nanostructures,
created during the deposition procedure is smaller than the size of pores in MOFs, the gold atoms filled the
3D MOFs structure and formed the nanostructures with wide distribution of sizes and shapes. The surface and
bulk properties of created hybrid materials were carefully characterized. In particular, the presence and
distribution of gold nanoparticles was confirmed by SEM-EDX and TEM measurements. Plasmonic properties
were characterized by UV-Vis spectroscopy and SERS measurements using R6G as model analyte. Our
results suggest that created hybrid material is a potential candidate for application in the field of black gold
utilization, for example affective light absorber and convertor.
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INTRODUCTION

Metal-organic frameworks (MOFs) are crystalline porous solids composed of a three-dimensional network of
metal ions held in place by multidentate organic molecules [1,2]. The spatial organization of these structural
units leads to a system of channels and cavities in the nanometer length scale. The metal ions form nodes that
connect the arms of the linking molecules together to form a repeating cage-like structure. Thanks to this
hollow structure, MOFs have an extremely large inner surface and thus MOFs are very promising candidates
for many applications: gases or liquids separation, purification and storage, electrochemical energy conversion
and storage, catalysis and sensor technologies as well as potential precursors for the construction of inorganic
functional materials.

Especially interesting is the possibility to combine plasmon active nanostructures with MOFs, since obtained
hybrid materials potentially will have a range of advanced properties resulted from vast inner surface of MOFs
and broad plasmon resonance with wide spectrum of light absorption. [3-5]. Plasmon is the collective oscillation
of electrons, excited by the external electromagnetic wave on the metal-dielectric boundary and could be
considered as an extremely effective lens, because it is featured by the strongly localized evanescent wave.
This plasmon-based lens focuses light beyond the diffraction limit. Unique plasmon’s properties have been
extensively studied for Raman spectroscopy, plasmonic devices, and chemical transformation processes [6-
11].

Because of the huge interest in the development of materials for harvesting solar energy, it is very important
to achieve a perfect absorber, so the plasmonic hybrids are the materials of interest. Sophistically
created complex plasmonic structures, composed the self-assembled nanoparticles would induce the near-
field coupling of surface-plasmons between neighboring nanoparticles, with corresponded increase of light
absorption efficiency [12-14].

In this contribution we propose a new designed of material combining MOFs porous structure with Au
nanoclusters trapped inside it. The resulting material mimics the properties of a porous gold film with a non-
reflective surface. We suggest that this hybrid would behave as a black gold, which is a material with high
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absorbance properties. [16-17]. However, manufacturing of Au-black films is usually expensive and time-
consuming; our method is very simple and easily reproducible even in the smallest lab.

1. RESULTS AND DISCUSSION

The schematic representation of proposed experimental concept is presented in Figure 1. First, the powder
of MOF-5 was synthesized in solvothermal conditions using zinc nitrate hexahydrate, terephthalic acid and N,
N-Dimethylformamide as precursor materials. Then the duct tape was put on the glass and the MOF-5 powder
was manually deposited on the tape. The samples were always blow dried to remove the excessive MOF-5
powder. To make sure that all the samples are equal, the same size of glass and tape were always used. In
the next step the Au sputtering was applied with the aim to create Au nanostructures in MOF-5 pores. Different
sputtering times were used, to modify the amount of Au nanostructures within the MOF-5 powder.
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Figure 2 XRD spectra of MOF-5 powder sputtered with Au for 100, 200 and 300 seconds

480



2019
NAN OCO N : Oct 16" - 18t 2019, Brno, Czech Republic, EU

To confirm the composition of the obtained MOF-5 structure the XRD method was applied. Obtained results
are presented in the Figure 2. Comparison with previously published XRD graphs indicates the presence of
main MOF-5 characteristic peaks [18]. The Figure 2 also shows the XRD results obtained after the deposition
of Au on MOF-5 powder (deposition time: 100, 200 and 300 seconds). Appearance of several additional peaks
indicates the formation of crystalline Au phase. Affiliation of mean peaks (38 and 46 °20) shows that the Au
forms the polycrystalline structures.

The size and its distribution of deposited Au clusters were measured by TEM. Results are presented in the
Figure 3 as a function of Au amount depending on sputtering time.
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Figure 3 Size-amount distribution of Au NPs in MOF-5 after (A) 15 seconds sputtering, (B) 30 second
sputtering, (C) 50 seconds sputtering

Using TEM the approximated size distribution of Au nanostructures was evaluated (Figure 4). As is evident
from the scans the shorter time of deposition (15 seconds) leads to the formation of Au clusters with the sizes
from 1 nm to 5 nm. Increasing of sputtering time to 30 seconds results in the shift Au clusters size increase
(2-10 nm). The further increase of deposition time (up to 50 seconds) leads to formation of even higher
nanoparticles with wider distribution of size. Finally, after the Au deposition for 100 seconds the random
interpenetrated Au structures is formed. From random distribution of Au clusters size, shape and gaps between
them, the excitation of broad plasmon resonance can be expected (i.e. absorption through the wide wavelength
range), which is mainly typical for black gold.

100 200 300

Figure 4 TEM images of MOF-5 sputtered with Au  Figure 5 SEM-EDX images of MOF-5 sputtered for
for (A) 15 seconds, (B) 30 seconds, (C) 50 100, 200 and 300 seconds
seconds, (D) 100 seconds
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SEM-EDX results (Figure 5) allow determining the spatial position of the MOF-5 microcrystals as well as the
presence of the Au nanoclusters inside it. In particular, the comparison of EDX elements mapping (especial
attention deserves the distribution of Zn and Au) with SEM images confirms that the Au nanostructures were
trapped inside the MOF-5 structure. As it is seen from the Figure 5 the mappings on Zn and Au are always
the same. Since Zn is the main characteristic part of the MOF-5 structure, these results indicate that during
the deposition Au nanostructures fall in the cage-like structure of MOF-5.

Optical properties were characterized by UV-Vis spectroscopy. Results are presented in Figure 6. These
measurements show the increase of the absorbance with the sputtering time. It is clearly seen, that MOF-5
powder itself does not absorb the light effectively. After the Au deposition overall absorption in the 500-900 nm
wavelengths range increases. It is important to mention, that there is the linear dependency between the time
of sputtering and the power of absorption. Since the refraction coefficient was closed to zero, observed
differences in UV-Vis spectra should be attributed solely to intrinsic absorption increase. So, we can confirm
our assumption that MOFs sputtered with Au behaves as Au-black.
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Figure 6 UV-VIS spectra of MOF-5 sputtered for 10, 20, 30, 40 and 50 seconds
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Figure 7 (A)Raman spectra of MOF-5 sputtered for 0, 20, 50, 100, 200, 300, 500, 1000 seconds with R6G,
(B) Dependence of the Raman spectrum signal intensity on the Au sputtering time
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Finally, the plasmon activity was checked through the SERS measurement. For this goal our samples were
sputtered for 20, 50, 100, 200, 300, 500 and 1000 seconds and then the Raman spectra were measured using
R6G as model SERS analyte. R6G was drop-deposited on samples surface (and penetrates in MOF-5/Au
pores) and then dried under ambient conditions. After the comparison of the Raman spectra of MOF-5 powder
without Au deposited with other spectra, it is seen that the R6G Raman response is significantly enhanced by
Au clusters (which is the typical SERS phenomenon). The dependency of SERS enhancement (estimated as
characteristic peak intensity increase - 1346 nm) on the Au sputtering time is not linear. The mean intensity
growths until the 200 seconds of sputtering, then the intensity decreases and slowly becomes constant. So, it
can be concluded that the more effective plasmon excitation occurs in the MOF-5 structures, containing the
200 sec. sputtered Au clusters.

CONCLUSION

To sum up, we prepared and tested a novel type of a black-gold like structure. Our analyses confirmed the
expectations about the properties of MOF-5 sputtered with Au. According to the XRD, TEM and SEM-EDX Au
nanoclusters are clearly formed and stay trapped inside the MOF-5 structure. Since MOFs is a 3D crystalline
porous material, by being sputtered with Au nanoparticles, plasmon active hybrid material is created. UV-Vis
demonstrated the ability of our samples to effectively absorb the light in a Vis and near IR wavelengths range.
The SERS measurements confirm the plasmon activity of created material. It was also established that the
optimum time of sputtering is 200 seconds; this time gives the best plasmon excitation. Proposed black gold-
like SERS-active metal-organic frameworks can found their application in in solar energy conversion and
photochemistry.
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