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Abstract We obtained energy-domain ®'Ni synchrotron-radiation-based Mdssbauer
absorption spectra of three materials that relate to nanoparticles: Nip(CsOgHz) metal-
organic frameworks (MOFs), Ni nanoparticles synthesized by complete heat decomposition
of the MOFs, and the composites of Ni nanoparticles and the MOFs synthesized by par-
tial decomposition of the MOFs. The °'Ni abundance of all the samples was not enriched
but we were successfully able to obtain their spectra in 1 day or less, by using a highly
efficient measurement system where the internal conversion electrons from energy standard
61 Nige V14 foil were detected. Although both nanoparticle constituent and MOF constituent
in the composites included Ni atoms, the Mossbauer parameters of the Ni nanoparticle con-
stituent could be evaluated; the magnetic hyperfine field of the Ni nanoparticle constituent
in the composites was different from that of the Ni nanoparticles obtained by the complete
heat decomposition. This difference implied that the 3d and/or 4s electron configuration of
the nanoparticle constituent were affected by the MOF constituent in the composites.
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1 Introduction

Ni is one of the most common elements. It is contained in various coins, superalloys, mag-
nets, batteries, and so forth. It is also included in the human body and is a main component
of the earth’s core. Thus, it is a key element in physics, chemistry, biology, earth science,
and other fields of science. It is also a group 10 element along with Pd and Pt, which show
novel functionalities as catalyst and hydrogen storage materials. Thus, Ni and its compounds
are expected to show novel functionalities similar to those of Pd and Pt. However, the func-
tionalities of Ni compounds are inferior to those of Pd or Pt and are not sufficient in many
cases. One possible way to enhance these functionalities of Ni compounds is to fabricate
their nanoparticles. The electronic states of nanoparticles of a material are often consider-
ably different from those of the bulk of the material and this difference sometimes yields
a novel functionality. Furthermore, their electronic states are also affected by the surface
coating materials. Recently, some researchers have attempted to control the electronic states
proactively by using coating materials. Frameworks of metal complexes, which are called
metal-organic framework (MOF), are sometimes used as the coating materials [1]. This type
of composites of nanoparticles and MOFs are called nanoparticle/MOF composites. Many
composites with Ni nanoparticles have also been synthesized [1-3]. Researchers expect
charge transfer and/or other electromagnetic interaction between a nanoparticle constituent
and a MOF constituent that will modify the electronic states of the nanoparticle constituent.
In these cases, it is essential to observe the electronic states of nanoparticles alone,
although it is also difficult because the composites have two constituents, nanoparticles and
MOFs. Fortunately, we can perform ®'Ni Mossbauer spectroscopy using radioactive iso-
tope (RI) sources [4], which can observe the electronic states of Ni constituents, even when
the sample includes two or more constituents including Ni. Furthermore, the time spectra
of nuclear resonant forward scattering of synchrotron radiation (SR) by 6INi were success-
fully observed in 2007 and thus ®' Ni Mossbauer experiments using SR are also available in
time domain [5]. Recently, SR-based Mossbauer absorption spectroscopy [6], by which we
can obtain the energy spectra of nuclear levels similar to the established Mdssbauer spec-
troscopy using RI, has also been made available. This method has already been applied to
various Ni materials, such as a superconducting compound [7], a cathode in Li ion batteries
[8], a Ni-substituted protein [9], and Ni nanoparticles [10]. Furthermore, this method is suit-
able for tiny amounts of samples because of the high brilliance of SR; many materials at the
frontier of science are difficult to synthesize and thus this method is suitable for the study
of such materials. The nanoparticle/MOF composites are an example of these materials and
here we report the ©'Ni SR-based Mossbauer absorption spectroscopy of the composites.

2 Experimental

The MOFs used in our experiments were Ni-MOF-74, a MOF of the Niy(dhtp) complex;
here, Hy(dhtp) is 2,5-dihydroxyterephthalic acid and thus the chemical formula of the MOFs
was Niz(CgHsOg). The Ni nanoparticle/MOF composite sample was synthesized by partial
thermal decomposition of Ni-MOF-74, in the same way as that reported in ref. [2]. In this
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Fig. 1 Schematic drawing of the measurement system for °'Ni SR-based Mdssbauer absorption spec-
troscopy. The energy standard ®'Nigs V14 foil and the detector were arranged in the same vacuum chamber
to detect the internal conversion electrons

synthesis method, the MOFs were heated at 350 °C under vacuum for 12 h. During the
heat treatment, the MOFs partially decomposed into Ni atoms and the atoms formed Ni
nanoparticles. Thus, the composites were composed of Ni nanoparticles and the MOFs of
Ni-MOF-74. The coexistence of nanoparticles and MOFs in the composites was confirmed
by X-ray diffraction (XRD) and the nanoparticle constituent had a face-centered cubic (fcc)
structure. According to ref. [2], the mean diameter of the nanoparticles must be 4.34+1.4 nm
and their composition must be Niy(CgOgH2)-9H,0-5Ni-6C. Furthermore, we also prepared
a sample that was heated at 400 °C under vacuum for comparison. Under this condition, the
MOFs were completely decomposed into Ni nanoparticles. These nanoparticles also had
the fcc structure. According to ref. [2], the mean diameter of these completely decomposed
nanoparticles must be 4.5 4+ 1.4 nm and their composition must be 5Ni-6C.

The SR-based Mdssbauer absorption spectroscopy experiments were performed at the
undulator beamlines of SPring-8 (BLO9XU: Public beamline for nuclear resonant scattering
(NRS) experiments, and BL11XU: Contract beamline of National Institutes for Quantum
and Radiological Science and Technology). The schematic drawing of the current mea-
surement system for SR-based Mdssbauer absorption spectroscopy is shown in Fig. 1. The
operating modes of the storage-ring were several bunch modes at SPring-8: “203 bunch”
mode, “406 bunch mode”, and “4 bunch train x 84 mode. The electrons in the storage ring
were equally arranged in 203 bunches and the period of the bunches was 23.6 ns in the 203-
bunch mode. They were equally arranged in 406 bunches and the period was 11.8 ns in the
406-bunch mode. The electrons were equally arranged into 84 groups, each of which con-
sisted of four successive electron bunches in the 4 bunch train x 84 mode; the period of the
groups was 57.0 ns and the interval of the successive bunches in a group was 1.97 ns [11].
The SR from the undulator was monochromatized to the energy of the first excited state of
6INi, 67.4 keV, by using a Si (333) high heat load monochromator (HHLM). Then it was
transmitted to the Si double crystal monochromator to eliminate the low energy X-rays aris-
ing from the Si (111) reflection of HHLM. The index of the double crystal monochromator
was (111) or (220). Then the SR passed through the samples. The samples were Ni-MOF-
74, the completely decomposed Ni nanoparticles, and the nanoparticle/MOF composites.
All samples were synthesized from natural Ni and the ®'Ni abundance was 1.14%. As for
the Ni-MOF-74 sample, 179.4 mg of its powder was formed into a pellet with a diameter of
5 mm. As for the completely decomposed Ni nanoparticle sample, 205.3 mg of its powder
was formed into a pellet with the same diameter. As for the composite sample, 192.0 mg
of its powder was formed into a pellet with a diameter of 3 mm. The samples were cooled
by a He-flow cryostat. The temperatures of the Ni nanoparticles and the composites were
around 4 K and that of Ni-MOF-74 was around 6 K. Downstream of the sample, the SR was
scattered by °'NigeV 4 polycrystalline foil. This alloy shows a simple single-line nuclear
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Table 1 SR-bunch modes and time windows during the experiments of each sample

Sample Bunch mode Time window
Ni-MOF-74 203 bunch 3.9-19.5 ns
Ni nanoparticles after the complete decomposition 4 bunch train x84 4.7-48.3 ns
Ni nanoparticle/MOF composite 406 bunch 5.6-9.1ns

The time zero corresponds to the time of the irradiation of SR by each of the electron bunches except for the
“4 bunch train x 84” mode. There were four electron bunches in a period in the “4 bunch train x 84” mode
and the time zero corresponds to the time of irradiation of SR by the last, that is, fourth electron bunch in the
bunch train in the period

resonant scattering profile down to 4 K and is sometimes used as the source material of RI
6INji Mossbauer spectroscopy [12, 13]. The enrichment of the 61 Nige V14 foil was 86.2%,
its thickness was 3.1 £ 0.3 um, and it was inclined 30° from the horizontal plane. The
temperature of the foil was cooled to approximately 30 K by another He-flow cryostat at
BLO9XU or 40 K by a refrigerator at BL11XU. The nuclear resonant energy of this foil
was controlled by a conventional velocity transducer that was connected to the foil. There-
fore, this foil was the energy standard in this measurement system, that is, it determined the
zero velocity. The frequency of the vibration of the transducer was 10—13 Hz. The emission
from the foil was detected using an eight-element Si avalanche photo diode (APD) detector.
The surface area of each element of the detector was 3 x 5 mm and its depletion layer was
150 pm in thickness. The detector was installed in the same vacuum chamber as the Ni-
V foil to detect the internal conversion electrons as well as the directly scattered 67.4 keV
y-rays and fluorescent X-rays [14]. The NRS was counted in a time window after the irradi-
ation of the SR pulse to the foil because NRS by ! Ni was emitted with a delay (typically the
lifetime of 'Ni, 7.7 ns), while the electronic scattering occurred promptly. The time win-
dows depended on the bunch mode and sample conditions, and are shown in Table 1. The
dependence of the NRS intensity on the velocity of the foil was measured and we obtained
the energy-domain Mdossbauer spectra.

3 Results and discussion

The SR-based Mossbauer absorption spectra of the three samples are shown in Fig. 2. The
counting rate of the NRS emitted from the Ni-V foil was 50-250 counts per second and the
measurement time was 9-22.5 h. These spectra were analyzed by the formulae in the liter-
ature [6, 15, 16], using the following parameters [17]: the nuclear quadrupole moment of
the ground state Q, = +0.162 barn, and that of the first excited state Q. = —0.20 barn,
the nuclear magnetic moment of the ground state @y = —0.75002 un (un : nuclear
magneton), and that of the first excited state e = +0.480 un. In the analysis of the com-
posites, we assumed that the composites possessed two components corresponding to the
nanoparticle constituent and MOF constituent, and the MOF constituent showed the same
Mossbauer parameters as those of the spectrum of only Ni-MOF-74. This was because the
local environments of Ni were thought to be almost the same before and after the partial
decomposition and the difference of the parameters between 4 and 6 K should be small. As
discussed in the literature [10, 12, 13], the values of the isomer shift and quadrupole split-
ting in ' Ni Mossbauer spectra are often very small and not as simple to use. Furthermore,
there is no structural phase transition between the two temperatures. As for the magnetic
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Fig. 2 %!Ni SR-based Mossbauer absorption spectra. a Ni-MOF-74, b Ni nanoparticles by the complete
decomposition of Ni-MOF-74, and ¢ Ni nanoparticle/MOF composites

hyperfine field (MHF), the difference of the magnetization between 4 and 6 K was small
(below 4%) from the magnetization measurement of Ni-MOF-74 [2] and thus the difference
of MHF should also be small. The time window effect and the thickness effect were also
taken into consideration for the analysis. We successfully evaluated the Mdssbauer parame-
ters under these assumptions, even for the composites, where both nanoparticle constituent
and MOF constituent included Ni atoms. Figure 2 shows that the spectra showed shoul-
ders on both sides of the absorption profiles. These arose from the time window effect, as
discussed in ref. [15]. The time window also affected the linewidth. However, for the spec-
tra in Fig. 2, the major contribution to the linewidth was the thickness of the samples. In
fact, the ®'Ni thickness of the samples of the (a) Ni-MOF-74, (b) Ni nanoparticles, and (c)
nanoparticle/MOF composites were 2.5, 9.6, and 15.2 mg/cm?, respectively. If their recoil-
less fractions were similar to bulk Ni metal, the effective thicknesses corresponded to 2.8,
11, and 17, respectively. Thus, the spectra of (b) and (c) in Fig. 2 showed a broad line width.

The evaluated parameters are summarized in Table 2. As we expected, the isomer shifts
and quadrupole splittings were almost zero within the experimental error. Therefore, we will
concentrate on the MHF, henceforth. The MHF of the nanoparticles in the composites and
that of the nanoparticles after the complete decomposition of MOFs were clearly different.
Because the Ni nanoparticles in both samples had an fcc structure and their mean diameters
were much the same, the difference arose from the surrounding MOFs. Because the lattice
constants of the nanoparticles of both samples were similar, the difference in MHF meant
that there were some interactions between the nanoparticle constituent and MOF constituent
in the composites, such as charge transfer between them and the change of the arrangement
of 3d and/or 4s electrons in the nanoparticle constituent.
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Table 2 The Mossbauer parameters of the three samples evaluated from the spectra in Fig. 2

Sample Isomer shift Quadrupole splitting ~ Magnetic hyperfine
(mm/s) (mm/s) field (T)
Ni-MOF-74 0.02£0.02 0.024+0.03 4940.1
Ni nanoparticles after the complete —0.02 +£0.05 0.0+0.1 6.2+0.3
decomposition
Ni nanoparticle/ Nanoparticles? —-0.1£0.1 0.3+0.5 3+1
MOF composite
MOFs®® 0.02 0.02 4.9

The spectrum of Ni nanoparticle/MOF composites was analyzed with two components, corresponding to the
nanoparticle constituent and the MOF constituent
2The area ratios of the constituents are approximately 3:2 for nanoparticles and MOFs

bThe parameters of the MOF constituent in the composites sample were assumed to be the same as those of
the Ni-MOF-74 sample

One possibility for this difference may be the simple increase of electrons in the 3d
minor band of the nanoparticle constituent owing to the charge transfer from the surrounding
MOF constituent. This situation reduced the MHF of the nanoparticle constituent through
the decrease of the Ni atomic magnetic moments. This is a very simple model under the
rigid band model. However, the XPS experiments in ref. [2] did not show clear charge trans-
fer from the MOF constituent to the nanoparticle constituent and thus the electron transfer
might be small. As for another possibility, the MHF of the Ni metal may also be reduced
by the decrease of the 4s band electron density; in the nickel metal, the direction of MHF
induced by the conduction band electrons is parallel to the direction of total MHF [18].
This might occur when the lattice of the nanoparticle constituent expands, although such
an expansion was not observed in the XRD results. Therefore, we might have to consider
changes beyond the rigid band model, that is, a slight modification of the band structure
of Ni metal. If the simple slight charge transfer occurs, the degree of charge transfer to
the nanoparticle constituent is expected to depend on the electronegativity of metals in the
MOF constituent. Fortunately, many 3d transition metals form MOFs with organic com-
plexes. A systematic study on the composites of Ni nanoparticles and MOFs including other
metal ions will reveal the details of the possible charge transfer between nanoparticle the
constituent and MOF constituent.

4 Summary

The SR-based Mossbauer absorption spectra of Ni-MOF-74, Ni nanoparticles after the
complete decomposition of Ni-MOF-74, and the Ni nanoparticle/MOF composites were
obtained. The Mdssbauer parameters of the Ni nanoparticle constituent in the compos-
ites were successfully evaluated, although the Ni atoms were also included in the MOF
constituent in the composites. We also succeeded in detecting the difference of the Ni
nanoparticles and the Ni nanoparticle constituent in the composites; the MHF of Ni nanopar-
ticle constituent in the composites is smaller than that of Ni nanoparticles after complete
decomposition. Further systematic study on the composites of Ni nanoparticles and various
MOFs will provide the detailed picture of the effect of the MOF constituent.
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