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ABSTRACT

Using palladium for hydrogen storage requires palladium (Pd) particles exhibiting specific
parameters, including surface area, particle size, and particle shape, with increased interest in
palladium nanoparticles (Pd NPs). In order to routinely monitor the synthesis of these particles
a spectroscopic method is being developed using infrared (IR), Raman, and UV-Vis
spectroscopy. By monitoring the production of Pd NPs, the growth of the NPs can be controlled
to ensure quality of the product to match the desired finished particle specifications. For the
reaction presented, the conversion of the intermediate tetraamminepalladium(ll) chloride
(PTC) to diamminepalladium(ll) chloride (PDC) can influence the Pd NPs properties. This
study is first being developed in lab bench scale quantities to allow ultimate control of the Pd
NPs.

INTRODUCTION

Using palladium (Pd) as a hydrogen storage material has been prevalent in the
literature as early as the 1960s [1] because of the novel way hydrogen is stored in the Pd
metal lattice. Currently there is more of an emphasis on Pd hydride systems as it pertains
to potential advances in the hydrogen economy [2]. In recent years, a wide variety of
shapes [3-5] and sizes [6, 7] have been studied for improved Pd hydride systems. As these
complicated Pd nanostructures see more interest in the academic setting, industrial



implications where quality and control of the size and structure of a potential product must
be realized. A greater ability to control the synthesis of these reactions is needed to create
Pd nanoparticles (NPs) within constraints of a defined product definition.

At the Savannah River Site (SRS), hydrogen and its isotopes are stored on Pd
beds. The Pd NPs of interest in this study, which are produced in large, industrial quantities
for SRS, are synthesized by the reaction of Pd(NH;),Cl,, tetraamminepalladium(II)
chloride (PTC) with formic acid. During this reaction, Pd NPs are formed as nano-nodules,
as these nano-nodules grow, they coalesce with other nano-nodules forming large linking
chains of micro-clusters (Figure 1).
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Figure 1. Illustration of how nano-nodules form micro-clusters.

Depending on the reaction conditions, even small changes in pH, reactant
concentration/amounts, can have large impacts on the size and shape of the nano-nodule.
Even under similar reaction conditions, the morphology and composition of the nano-
nodules can vary [8]. We expect by monitoring key steps in the reaction with spectroscopy
(infrared (IR), Raman, and UV-Vis) that these synthesis variations can be eliminated. The
research presented here is a qualitative initial approach to understand the reaction from
PTC to Pd(NHj;),Cl,, diamminepalladium(II) chloride (PDC) and ultimately to Pd NPs in
future work.

EXPERIMENTAL DETAILS

Sample preparation

One step in the synthesis of Pd NPs is to purify an intermediate, PTC. An
unpurified-PTC (u-PTC) is synthesized by reacting ammonium hydroxide with palladium
chloride (Figure 2(a)). The u-PTC is then reacted with acetic acid to remove two ammine
groups from the u-PTC, creating a precipitated Pd(NH3),Cl,, or PDC (Figure 2(b)). PDC
is then washed three times with deionized (DI) water (Figure 2(c-e)). The final step for
purification is to create a purified-PTC (p-PTC) by reacting the third washing of PDC with
ammonium hydroxide (Figure 2(f)). All samples are saturated to drive the reaction forward
and to increase signal for the spectroscopy measurements.



Figure 2. Image of samples in glass vials of (a) u-PTC, (b) PDC, (c) wash 1, (d) wash 2, (e) wash 3, and (f) p-PTC.

FTIR-ATR spectroscopy

Fourier Transform Infrared Reflectance (FTIR) spectra were collected with a
Nicolet 7600 FTIR Spectrometer (Thermo Electron Corp.). An attenuated total reflectance
(ATR) accessory with a diamond crystal at a 45° angle of incidence was used to measure
the FTIR-ATR spectra. Spectra were collected from 4000 to 1000 cm™ with a DTGS KBr
detector. A resolution of 4 cm™ was used to collect the spectra and 128 scans were
averaged to obtain the final spectra.

Raman spectroscopy

Raman spectra were collected with a portable i-Raman Pro spectrometer
(BWS475-785H-HT, Metrohm). The excitation wavelength used was 785 nm with about
320 mW of laser power. The spectral range of the spectrometer was 65 to 2800 cm’.
Spectra were collected in 2-5 seconds. The samples were in glass vials (Figure 2) and
spectra were measured through the vials with the attached fiber optic Raman probe.

UV-Vis spectroscopy

UV-Vis spectra were collected with a Lambda 45 UV-Vis spectrometer
(PerkinElmer). Samples were placed in plastic cuvettes with a pathlength of 4 mm.
Spectra were measured from 235 to 650 nm with a resolution of 1 nm.

DISCUSSION

FTIR-ATR spectroscopy

Figure 3 shows FTIR-ATR spectra of the conversion of u-PTC to p-PTC. The
FTIR-ATR spectrum of u-PTC in Figure 3(a) has three distinct vibrational bands peaked
near 3270, 1631, and 1306 cm'l, which match literature values [9-13]. These bands are all



attributed to the ammine group in the u-PTC complex. Two vibrational modes contribute
to the broad band peaked near 3270 cm’', the symmetric and asymmetric stretching modes
of NH; [9-13]. The symmetric and asymmetric bending modes of NH; are the bands at
1306 and 1631 cm™', respectively [9-13]. After adding acetic acid to the u-PTC solution
PDC slowly starts to form as shown in Figure 3(b). The conversion is shown by the bands
near 3270 cm™ separating and peaking near 3338 and 3224 cm’” and the red-shifting of the
symmetric bending mode to 1281 cm™. The shoulder bands near 3047 and 2865 cm™ and
the bands near 1550 and 1415 cm™ are from excess acetic acid in solution. The excess
acetic acid is completely removed following the three DI water washes, as shown in Figure
3(e). The vibrational bands for PDC following the three DI water washes are located near
3329, 3255, and 1635 cm‘l, which are the NH; asymmetric stretching, symmetric
stretching, and asymmetric bending modes, respectively [13-15]. Ammonium hydroxide
is added to PDC (Figure 3(e)) and converted to p-PTC (Figure 3(f)). The vibrational bands
in p-PTC are identical to u-PTC.
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Figure 3. FTIR-ATR spectra of (a) u-PTC, (b) PDC, (c) wash 1, (d) wash 2, (e) wash 3, and (f) p-PTC.

Raman spectroscopy

Figure 4 shows Raman spectra of the conversion of u-PTC to p-PTC. The Raman
spectrum of u-PTC in Figure 4(a) has three bands attributed to vibrational motions
involving Pd. These bands are located near 268, 470, and 502 cm‘l, which are the bending
N-Pd-N, asymmetric stretching Pd-N, and symmetric Pd-N modes, respectively [9, 11, 13].
The bands in the 1250-1650 cm™ range are attributed to ammine vibrational modes [9-13].
The bands ranging from 1287-1333 cm’ are symmetric stretching H-N-H modes and the
bands from 1520-1637 cm™ are asymmetric stretching H-N-H modes [9-13]. The low
intensity, broad band near 796 em’ is likely related to the rocking motion of NH; [9-11,
13]. Acetic acid is added to the u-PTC solution, which slowly starts to form PDC as shown
in Figure 4(b). This transition from u-PTC to PDC is shown by the band at 502 cm™ red-
shifting to 493 cm’'. The bands near 650, 930, 1350, and 1415 cm’! are from excess acetic
acid in solution. Excess acetic acid is completely removed following three DI water
washes (Figure 4(e)). PDC is clearly observed after wash 3 in Figure 4(e), evidenced by
the bands at 222, 294, and 493 cm’ [13, 15]. The additional vibrational bands ranging
from 1287-1333 cm™ and 1520-1637 cm™ are the symmetric stretching H-N-H modes and
the asymmetric stretching H-N-H modes, respectively [9, 13-15]. Ammonium hydroxide



is added to PDC and is converted to p-PTC (Figure 4(f)). The majority of the vibrational
bands in p-PTC are identical to u-PTC, Figure 4(a). The only difference is the addition of
a band near 1400 cm’ in the p-PTC spectrum, which may be attributed to another
symmetric stretching H-N-H mode [11].
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Figure 4. Raman spectra of (a) u-PTC, (b) PDC, (c) wash 1, (d) wash 2, (e) wash 3, and (f) p-PTC.

UV-Vis spectroscopy

Figure 5 shows UV-Vis spectra of the conversion of u-PTC to p-PTC. The
absorbance spectra show that the band near 300 nm (4.13 eV) decreases in intensity and
red-shifts to 350 nm (3.54 eV) after adding acetic acid to u-PTC (Figure 5(a)) to form PDC
following three washes with DI water (Figure 5(b-e)). When ammonium hydroxide is
added to Figure 5(e) the solution is converted to p-PTC (Figure 5(f)). UV-Vis spectra
allow band gaps of materials to be calculated, specifically calculating the energy gap
between the highest occupied molecular orbitals (HOMO) and lowest unoccupied
molecular orbitals (LUMO) of materials. The lower energy band gaps for all solutions
were 2.00 eV. The higher energy band gaps for u-PTC and p-PTC were similar, which
were 2.68 and 2.76 eV, respectively. For PDC the higher energy band gap was 2.89 eV
and decreased after each DI water wash to 2.82, 2.47, and 1.77 eV, respectively.
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Figure 5. UV-Vis spectra of (a) u-PTC, (b) PDC, (c) wash 1, (d) wash 2, (e) wash 3, and (f) p-PTC.

CONCLUSIONS

We have demonstrated the ability to spectroscopically differentiate the different
reaction intermediates that are needed to synthesize Pd NPs. IR, Raman, and UV-Vis
spectroscopy distinctly showed differences for each step of the reaction from u-PTC to
PDC to p-PTC. The spectra of u-PTC and p-PTC were almost identical for all three
spectroscopy methods. The clearest spectra of PDC were measured after the third wash
with DI water, after removing the excess acetic acid from the solution. All of this spectral
information will be used for future studies of the reaction to form Pd NPs.
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