Characterization of supported platinum nanoparticles by 195Pt solid-state NMR

Spectroscopic background: **Pt nuclei have a spin of | = 1/2 and, therefore, no
quadrupole moment. The '®Pt isotope has a natural abundance of 33.8 %, a
resonance frequency of v = 107.51 MHz at Bo = 11.75 T, and a sensitivity of 3.5 x
102 in comparison with *H nuclei (1.0). For basic principles of solid-state NMR, see
lectures “Solid-State NMR Spectroscopy” for Bachelor students or PhD seminars,
accessible via the link “Lectures for Students”.

Platinum is an important catalytically active component for hydrogenation [1],
dehydrogenation [2], hydrocracking [3], hydroisomerization [4], hydrodeoxygenation
[5], and hydrogenolyse reactions [6, 7], as well as fuel cells [8], and for PHIP NMR
experiments [9]. Because of the high sensitivity of °°Pt solid-state NMR
spectroscopy for the nature and properties of platinum atoms, this method is broadly
applied for the characterization of platinum nanoparticles deposited on carbon black
[8, 24], TiO, [11, 16, 17], alumina [11, 12, 14], silica [11, 13], and zeolitic [15, 18]
supports. Pt solid-state NMR spectra of platinum nanoparticles can be best
explained by a layer model. This model yields a relationship between the sizes of

nanoparticles and the number of atoms in each layer of the particles (Fig. 1) [8].
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Fig. 1

The position and shape of *°Pt solid-state NMR signals of platinum atoms in
nanoparticles are influenced by several contributions. In contrast to the smallest
platinum cluster, Pti3, which is characterized by anomalous diamagnetic properties

[21], **°Pt atoms in the various layers of platinum nanoparticles with larger size
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are affected by Knight shift interactions and their different local symmetries may
lead to significant linewidths. Therefore, platinum atoms in each of the various layers
in the model in Fig. 1 represent a distinct 1*Pt solid-state NMR spectrum.

The inner layers of a platinum nanoparticle have a metallic character and contain
conduction electrons. The spins of these conduction electrons are polarized by the
external magnetic field giving rise to a Knight shift of resonating ***Pt nuclei. Usually,
Knight shifts are much greater in magnitude than the diamagnetic shielding. The total

resonance shift of °*Pt atoms in platinum nanoparticle is given by [8]:
total shift = o + K + K + Kgp (1)

where o is the diamagnetic shielding, K represents the s-electron contribution to the
Knight shift, and K™ describes the d-electron involvement. The contributions of K
and K® are both positive Knight shifts of ***Pt solid-state NMR signals. If the
hyperfine fields of the conduction electrons induce a polarization in the inner core s-
electrons, an additional Knight shift can be produced, which is termed core
polarization Ke,. This polarization term gives a negative resonance shift of the **°Pt
solid-state NMR signal, as occurring for platinum atoms in the inner metallic cores
of nanoparticles [8].

Because of the different experimental techniques (vide infra) applied for ***Pt solid-
state NMR studies of platinum nanoparticles, specific scales for assigning resonance
positions are utilized. In numerous studies, the resonance positions are described by
a G/kHz scale (or kG/MHz) [10-14]. In this scale, the resonance position for “zero
Knight shift” has a value of Ho/w, = 1.100 G/kHz [11, 13], which corresponds to the
resonance position of Ho = 81.2 kG at v, = 73.765 MHz (81.200 x 10° G / 73.765 x
10® kHz = 1.101 G/kHz) in Ref. [12]. The same value, i.e. Ho/vp = 1.100 G/kHz, is
attributed to the resonance position of °*Pt atoms in clean surface layers (“surface
peak”) of platinum nanoparticles [10]. The resonance position of ***Pt atoms in the
core layers of platinum nanoparticles (“infinite” solid), i.e. in the metallic bulk
phase containing conduction electrons, is Ho/v = 1.138 G/kHz [11, 13]. In numerous
studies, the metallic character of these platinum atoms was evidenced by measuring
the spin-lattice relaxation time T; as a function of temperature T and by correlating

1/T, with T for demonstrating their linear relationship (see, e.g., Fig. 4 in Ref. [11]).
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This experimental test for the metallic character and the presence of conduction
electrons bases on the Korringa equation [12, 28].

In Ref. [8], the resonance position of platinum atoms in the metallic bulk phase
corresponds to a high-field shift value of 619spt = -35,350 ppm in a magnetic field of By
= 7.05 T. A further scale for describing the Knight shift of ***Pt solid-state NMR
signals of platinum atoms in nanoparticles is based on K values given in “%” [11]. For
195pt atoms in the metallic bulk phase of nanoparticles, Ref. [11] gives a value of K =

-3.45 %. Calculating the Knight shift-induced frequency change Av via [8]:

AV= (]/195pt . Bo . K) / 27‘C (2)

with yigspt = 5.84 x 107 s'T™, By = 7.05 T, and K = -3.45 %, a Av value of -2.26 MHz
is obtained. With the resonance frequency 1, = 64.1 MHz of **°*Pt nuclei at By = 7.05
T, the above-mentioned Av= -2.26 MHz corresponds to a Knight shift of Sigspr =

-35,257 ppm, which agrees well with the shift of d195pt = -35,350 ppm in Ref. [8]. In
Table 1, a survey on the resonance positions of **Pt atoms in clean surface layers

and in the metal bulk phase of platinum nanoparticles for the different scales is given.

Platinum species Ho Ho/vo K O105pt
in kG in G/kHz in % in ppm
Na,PtCls, 1.2 M in DO 0[8]

clean surface Pt on platinum 0[12] 1.100 [13] 0[12]
nanoparticles (“surface
peak”, “zero Knight shift”)

Pt;3, diamagnetic clusters -7,400 [8]
bulk Pt in platinum 84 [12] 1.138 [13] -3.44 to -35.350 [8]
nanoparticles (“infinite” solid, -3,45 [11]

metallic bulk phase)

Table 1

The Pt NMR signals of compounds, which are not involved in Knight shift
interactions, occur at the low-field side of the “zero Knight shift” (Ho/vo < 1.10 G/kHz),
as illustrated in Fig. 2 [14].
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Because of the large frequency range of solid-state NMR signals of ***Pt atoms in

Fig. 2

platinum nanoparticles of ca. 3 MHz, single pulse excitation of the whole spectral
range is not possible. Therefore, in most of the **°Pt solid-state NMR studies, an
add-subtract n/2—=n—7 spin echo experiment was utlized (see Fig. 3) [14].
Inverting the n/2 pulse inverts the spin echo. By subtraction of the inverted spin echo
from the non-inverted one, the spin echoes are effectively added, but the coherent
noise due to the n pulse is subtracted out. This experiment is repeated with step-
wise variation of the Ho field [12, 14] or of the resonance frequency w [11, 13].

The resulting point-by-point recorded spin echoes deliver data over the broad

frequency range of 3 MHz.
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The point-by-point spin echoes reconstruct the '*°Pt solid-state NMR spectra of
platinum nanoparticles, which is an often utilized technique throughout the literature
[11-14]. Depending on the method for evaluating the spin echoes, these techniques
are known as spin echo height spectroscopy (SEHS) or spin echo integration
spectroscopy (SEIS) [8]. Disadvantages of the point-by-point techniques are
difficulties with the limited number of sampling points, normalization of the probe
tuning, and duration of the NMR experiments. Another conventional method that
most of circumvents these limitations is the variable offset cumulative frequency
stepping (VOCS) technique [8, 19]. The most sophisticated technique is the field
sweep Fourier transform (FSFT) method that allows an accurate reconstruction of
the '*°Pt wide-line NMR spectrum with an improved resolution as well as full
automation [8]. The field sweep works by tuning to a single upfield frequency and
utilizing an additional coil within the main superconducting magnet to shift the B, field
by Bsw = £0.5 T and sweep through the whole resonance [8, 20].

As an example, Fig. 4a shows the '®*Pt FSFT NMR spectrum of platinum
nanoparticles with a mean diameter of @ = 4.8 nm and a calculated total number
of 3871 platinum atoms, which are supported on carbon black [8]. For nanoparticles
of this size, 8 distinct layers are predicted, but the three innermost core layers are
considered inseparable.

platinum nanoparticles on carbon black
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Fig. 4
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Fig. 4b depicts the deconvoluted '*°Pt FSFT NMR spectrum of the platinum
nanoparticles supported on carbon black, assuming five distinct layers with the
innermost layers being combined to form a core. The colours of the curves agree with
those of the layers in Fig. 1. If moving downfield, a decrease of the negative Knight
shift and a broadening of the resonances occur. This effect is caused by the platinum
atom positions in the different layers from the core to the surface, which are
characterized by a loss of the metallic character and an increasing perturbation of
their local structures, i.e. a loss of local symmetry of the platinum atoms [8].

The influence of the size @ of platinum nanoparticles on the shapes of **Pt SEHS
NMR spectra is illustrated in Fig. 5 [12]. It is obvious that the shapes strongly depend
on the nanoparticle sizes in the range of @ =9 to 39 A from top to bottom. For the
small nanoparticle size of @ = 9 A, the echo intensity near the metal peak (Ho/vp =
1.14 G/kHz) is weak, and the echo intensity in the low field region near the surface
peak (Ho/v = 1.09 G/kHz) is large. Contrary, in the **Pt SEHS NMR spectrum of

°pt SEHS NMR of platinum nanoparticles on Al,O3

1 T T [ % )
Pt/Al,05-5
@=9A

| |
] T

Pt/Al,O5-4
@=27A

Pt/Al,05-3
@=39A

1.08 1.10 1.12 1.14
Ho/w in G/kHz

https://michael-hunger.de



the large platinum nanoparticles with the size of @ = 39 A, the metal peak (Ho/vo =
1.14 kG/MHz) is strong, while the echo intensity at the surface peak (Ho/w = 1.09
kG/MHz) is weak. By evaluating the intensity distributions in the high field (metallic
core platinum) and the low field region (surface platinum), and assuming that the
platinum nanoparticles particles are Wulff crystals (cubo-octahedron) [22], the
platinum dispersions in column 2 of Table 1 were calculated for a series of samples
with different nanoparticles sizes [14]. These NMR dispersion values agree
reasonably well with those determined by hydrogen chemisorption (column 3) and

electron microscopy {column 4) [14].

Materials Dispersion by Dispersion by H; Dispersion by
19pt SEHS NMR in % | chemisorption in % | microscopy in %

Pt/Al,05-1 5 4

Pt/Al,O3-2 8 11

Pt/Al,03-3 10 15 16
Pt/Al,O5-4 19 26 22
Pt/Al,O3-5 40 46 61
Pt/Al,03-6 79 58

Table 1

The sensitivity of **°Pt solid-state NMR spectroscopy for the treatment conditions
of supported platinum nanoparticles is demonstrated in Fig. 6 [11]. These spectra
were recorded after reduction of platinum supported on TiO, with gaseous H, at
temperatures of Ty, = 473 K (open triangles) and Ty, = 773 K (open circles). The
reduction at Ty, = 773 K has a tremendous effect on the line shapes in comparison
with that performed at Ty, = 473 K. The surface peak at Ho/vp = 1.10 G/kHz does not
shift appreciably, but increases in amplitude at the expense of the bulk peak at Ho/vo
=~ 1.14 G/kHz, in comparison with the spectrum recorded after reduction with H, at
Tz = 473 K. This observation indicates that after reduction at the higher temperature,
fewer *°Pt atoms are in inner core layers. A possible explanation is an increasing
strong metal-support interaction (SMSI) effect upon reduction at the higher
temperature of Ty, = 773 K [11]. The SMSI phenomenon is a sintering or massive

encapsulation of platinum particles by the support material, such as by TiO; [23].
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Another influence on the resonance position and shape of Pt solid-state NMR
signals of supported platinum nanoparticles is caused by adsorption of molecules,
such as H, [10, 12, 13, 15, 16, 18], O, [10, 17, 18, 25], and CO [24, 25, 33], or by
thiol-capping [26]. As an example, Fig. 7 shows ***Pt SEHS NMR spectra of Pt/Al,O3-
5 (see Table 1, line 6) recorded before (top) and after chemisorption of H, (bottom)

[12]. After exposing hydrogen on the clean platinum nanoparticles, a significant

°pt SEHS NMR of platinum nanoparticles on Al,O3
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change of the echo intensity distribution is obvious. The resonance position of the
high-field plateau due to metallic bulk platinum atoms occurs at the same position as
in the untreated sample, but is significantly decreased. The low-field surface peak
shows an intensity increase and another position as well as smaller width.
Interestingly, a shift of the surface peak from Ho/w = 1.100 G/kHz to Ho/w = 1.095
G/kHz occurred. A hydrogen-induced change of the nanoparticle size as a reason for
the changed '*°Pt SEHS NMR intensity distribution could be excluded by electron
microscopy [12]. Therefore, the above-mentioned observations hint at an
incorporation of hydrogen atoms into deeper sub-surface layers of the nanopatrticles,
which leads to a loss of platinum atoms with metallic character.

In Ref. [33], the interaction of CO with platinum nanoparticles on Pt/Al,O3; samples
was studied upon adsorption of **C-enriched carbon monoxide. Furthermore, the
results of 1Pt SEHS NMR investigations were compared with those of ***Pt SEDOR
NMR studies. Originally, spin echo double resonance (SEDOR) experiments are
utilized for the determination of heteronuclear atom-atom distances, such as of ?’Al
and *!'P atoms in aluminophosphate molecular sieves [34]. In Ref. [33], the SEDOR
technique was used for the identification of platinum atoms in the direct vicinity of **C
atoms, i.e. of platinum atoms, which are involved in **C-'**Pt spin couplings. For this
purpose, the SEDOR experiment was performed with a spin echo for the **°Pt nuclei,
like shown in Fig. 3, while an additional = pulse was irradiated in the channel of the
13C nuclei, applied at the same time like the = pulse for the ***Pt nuclei. As in the
SEHS experiments, the "add-subtract® technique was utilized for the SEDOR
experiments to avoid the interference of "coherent noise” [33].

Fig. 8 shows the **Pt SEHS NMR and '**Pt SEDOR NMR spectra of platinum
nanoparticles supported with a dispersion of 26% on Al,O3 (Pt/Al,O3) and covered
with *CO [33]. Comparison of the ***Pt SEHS NMR and the '**Pt SEDOR NMR
spectra indicates that the former one is very similar to the spectrum of clean Pt/Al,Os-
5 in Fig. 7, top, while the latter one consists exclusively by a peak at Ho/vy = 1.095
G/kHz, which is characteristic for diamagnetic surface platinum atoms bound to
adsorbate species. The *C-'*°Pt spin couplings, responsible for the low-field peak in
Fig. 8, lead to a spectrum, which is very similar to those found for diamagnetic
platinum carbonyl molecules, such as [(P)s(COe)]*, [(P)s(CO)2]*, and
[(PH)9(CO)18]* [35]. This result evidences that adsorption of *CO causes the
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formation of Pt-C bonds in the surface layers of platinum nanoparticles of Pt/Al,Os3,
which agrees with studies of large single crystals [33].

°pt solid-state NMR of platinum nanoparticles on Al,O3

13
Pt/Al,O3 + CO o !%pt SEHS NMR
e pt{**C} SEDOR NMR

Ho/Vo in G/kHz

Fig. 8

In Ref. [25], effects of the adsorbate electronegativity on the Knight shifts of platinum
atoms in nanoparticles of electrocatalysts were investigated. For a review on NMR
techniques for noble metal nanoparticle characterization, including supported

platinum nanoparticles, see Ref. [27].

Catalyst preparation: The platinum nanoparticles used for recording the spectrum in
Fig. 4 were synthesized according to Ref. [30], while the Pt;3 clusters were prepared
according to Ref. [31]. The Pt/Al,O3; samples used in Ref. [12] for obtaining the
spectra in Figs. 5 and 7 were prepared by impregnation of alumina with a solution of
H,PtCls. The resulting material was dried and subsequently calcined and reduced
under hydrogen, both at T = 573 K. The durations of these treatments are given in
Table 2 of Ref. [12]. The Pt/TiO, samples used for the spectra in Fig. 6 were
prepared according to Refs. [11] and [31] by impregnation of TiO,-anatase (180 m?%/g,
Bayer) with an aqueous solution of hexachloroplatinate and subsequent reduction
under hydrogen at T = 673 K.

19pt solid-state NMR studies: The '**Pt FSFT NMR spectrum in Fig. 4 was

recorded at a Larmor frequency of v = 64.1 MHz and utilizing a Bp = 7.05 T Magnex

https://michael-hunger.de



11

magnet with a Bsy, = £0.5 T sweep coil within the main cryostat [8]. For each field
sweep study a n/2—r=n—7 spin echo was adopted, which employed n/2 and = pulses
of 5 us and 10 ps, respectively, and an echo delay of 7= 20 ms. Each measurement
consisted of 50 kHz effective-width slices spanning a frequency range of v = 61.1 to
64.3 MHz [8]. The **°*Pt SEHS NMR spectra in Figs. 5 and 7 were obtained using a
pulse NMR spectrometer, operating at a Larmor frequency of v, = 74 MHz, and at a
temperature of T = 77 K [12, 14]. The pulse delays of the n/2—=n—7 spin echo
sequence was 7 = 50 ps. Averaging of 50.000 spin echoes or more was performed
[11, 14]. The **Pt SEHS NMR spectra in Fig. 6 were acquired using an Bo = 8 T
Oxford magnet and point-by-point by a frequency-swept spin echo technique (n/2—r
n—1) between 15 = 69.5 and 74.0 MHz. The delay between the =/2 and the = pulses
was 7= 35 us, while the pulse lengths were 5 and 10 ps, respectively [11]. The *°°Pt
chemical shifts were referenced to a 1.2 M solution of NayPtCls in DO [29]. The
SEDOR experiments leading to the spectrum in Fig. 8 were performed with pulse
lengths 2.2 and 4.8 ps for the /2 and = pulses, respectively, applied to the Pt
nuclei, and a = pulse of 44 ps applied to the **C nuclei. The spectra were recorded

with the samples immersed in liquid nitrogen, i.e. at T = 77 K [33].
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