Chapter 5

Integrated Studies of Au@Pt and Ru@Pt
Core-Shell Nanoparticles by In Situ
Electrochemical NMR, ATR-SEIRAS,
and SERS

Dejun Chen, Dianne O. Atienza, and YuYe J. Tong

5.1 Introduction

Nanoscale noble metal materials, mostly in the form of nanoparticles (NPs), have
been subjected to intensive research in the context of their applications to fuel cell
electrocatalysis [1] traditionally and also to lithium-air batteries [2, 3] recently.
Among others, despite decades-long continuous efforts in discovering viable
replacements for the expensive and earthly-scant platinum (Pt), Pt-based
electrocatalysts [4, 5] are still the materials of choice in terms of having high
activity for CO oxidation reaction (COR) [6, 7], methanol oxidation reaction
(MOR) [8], ethanol oxidation reaction (EtOR) [9, 10], formic acid oxidation
reaction (FAOR) [11, 12], hydrogen evolution/oxidation reaction (HER/HOR)
[13, 14], oxygen reduction/evolution reaction (ORR/OER) [15-17], and CO,
reduction reaction (CO,R) [18, 19], just to name a few widely studied reactions.
Benefited from the fertile knowledge gained from the decades-long intensive
investigations of model electrocatalysts, such as single crystal surfaces, fundamen-
tal research on discovering, understanding and utilizing novel electronic, geomet-
ric, and/or bifunctional properties of Pt-based NPs [20-22] for the aforementioned
reactions continues to flourish and push the boundary of research in an environment
as close to that of practical applications as possible. Constant advance of the
sophistication of many in situ spectroelectrochemical techniques has been a critical
part of the latter. In this Chapter, we will discuss integrated studies of Au@Pt and
Ru@Pt NPs by in situ electrochemical (EC) nuclear magnetic resonance (NMR),
attenuated-total-reflection surface-enhanced IR reflection adsorption spectroscopy
(ATR-SEIRAS), and surface-enhanced Raman scattering spectroscopy (SERS)
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spectroscopy, with a focus on how an organic integration of these techniques can
enhance the investigative power brought to bear by their complementary nature.
That is, an organically integrated whole is better than the sum of its parts.

The strength of NMR is in its unique ability to probe the electronic and structural
properties of Pt-based NPs [23]. Particularly, '*>Pt NMR can distinguish, at least
semi-quantitatively, the Pt atoms on the surface of from those inside the NPs and
the Pt atoms in metallic from non-metallic (e.g. oxidized) state [24, 25]. Moreover,
using adsorbed '*CO as a molecular probe, '>*C NMR can offer complementary
electronic and diffusional information of the surface [26-28]. However, NMR
continues to suffer from its intrinsic low mass detection sensitivity so it is generally
not a method of choice for detecting reaction intermediates during the reaction. On
the other hand, SEIRAS and SERS are more suited for the latter [29, 30].

Since its inception [31], EC-SEIRAS has been applied extensively to study
electrocatalysis mainly on conductive metal thin-films (~50 to 100 nm thick) used
as working electrodes [32]. Single metallic films, such as Au [32-34], Pt [35—43],
Pd [44, 45], Cu [46], Ag [47], and bimetallic PtRu [43, 48], PtPd [44] alloy film as
well as additional ultrathin-film (bi)metallic layers deposited on Au substrate film
[49, 50], have been the subjects of studies of COR [34, 41], MOR [40, 42, 43, 48],
EtOR [36], FAOR [39, 44, 45, 50], HER/HOR [35, 38], ORR [51, 52] and CO,R
[37]. Numerous surface species that are important to the reactions under investiga-
tion, such as adsorbed CO (CO,qs) in linearly/bridge/multiple bonding configura-
tions [37, 43, 45, 50], formate [39, 40, 45, 53], adsorbed anion [33, 45] and
interfacial water [32, 54, 55], have been identified and studied [30]. On the other
hand, while SERS may not be as versatile and sensitive as SEIRAS, EC-SERS does
offer some complementary advantages, such as observing species that only have
symmetric vibrational modes, for instance O,  [56], accessing to lower
wavenumber range (100~1000 cm ') in which the vibrations of metal-adsorbate,
such as Pt-CO [57] or Pt-O [58], locate and not worrying about strong absorption by
water. With the enhancement offered by roughened bulk surfaces [29, 59] or
deposited NPs [60—62], EC-SERS has become increasingly used to study catalytic
reactions, such as COR [57, 60, 63, 64], MOR [57, 65], FAOR [62], ORR [56] and
H,0, electro-reduction reaction [66, 67], on the respective electrocatalyst surface.

Despite their complementary nature, EC-NMR, -SEIRAS or -SERS has been
largely used alone for various reasons. But an integrated approach of combining
them together to investigate the same system is expected to provide a fuller
mechanistic picture of the system under investigation. With this in mind, and as
already briefly mentioned above, we will focus here on two samples, Ru@Pt and
Au@Pt NPs, which have been studied in various degree of detail by in situ
EC-NMR, -SEIRAS, and -SERS. This chapter will be structured as follows: we
will first present briefly the physical aspects of the samples (Sect. 5.2), then move to
NMR (Sect. 5.3), SEIRAS (Sect. 5.4), and SERS (Sect. 5.5) sequentially, which
will be followed by an integrated discussion (Sect. 5.6) of the results presented in
the previous sections. We will conclude the chapter with some summative
comments.
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5.2 Ru@Pt and Au@Pt NPs Samples

Ru@Pt NPs. The synthesis was adopted from the wet homogeneous reaction-like
procedure developed by Du et al. [68]. Briefly, the ethylene glycol (EG) was used as
both reaction medium and reducing agent of Johnson-Matthey (J-M) Ru Black
(~3 nm) and H,PtClg-6H,0. The first step is the complete reduction of Ru NPs at
140 °C for 2 h with vigorous stirring. This step is critical for the success of
controlling the surface Pt deposition where it has been determined experimentally
that Ru readily oxidizes to RuOy in the atmosphere [69]. The cleaned Ru NPs were
then collected and rinsed with ethanol and re-dispersed ultrasonically into a fresh
EG solution. The calculated volume of H,PtCls-6H,O solution according to the
experimentally determined linear relationship [68] gave the desired ~40% Pt
packing density (PD). This mixture was ultrasonicated and heated at 120 °C for
4 h to reduce Pt(IV) to Pt(0) on the surface of cleaned Ru NPs. This synthetic
method in a lower temperature homogeneous-reaction like media is advantageous
in preventing sintering effects. A representative TEM image is shown in Fig. 5.1a
from which the average particle size was determined to be 3.2 nm.

Au@Pt NPs. Au colloid NPs (3.5 nm) were first prepared from HAuCl,-3H,0O in
aqueous solution using sodium citrate and sodium borohydride as reductant and
then supported spontaneously on Vulcan XC-72R that gave a metal loading of 30 wt
%. The Pt shell was deposited by reducing Pt** onto the surface of dispersed
carbon-supported Au NPs by using ascorbic acid with target Pt coverage of
100 % (atomic ratio of Pt/Au=1). The detail of the synthesis can be found in the
original paper [70]. A representative TEM image is shown in Fig. 5.1b that gives an
average particle size of 4.6 nm.

Fig. 5.1 TEM images of Ru@Pt (a) and Au@Pt (b). The average particle size is 3.2 nm for the
former and 4.6 nm for the latter. (b) is adapted with permission from [70] (© 2007 Elsevier)
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5.3 In Situ EC-NMR Study of Ru@Pt and Au@Pt NPs [71]

For EC-NMR measurements, the NMR samples (~50-80 mg) were treated at room
temperature by an EC cleaning process in a three-electrode setup with the NPs as
working electrode by holding the potential at 50 mV (vs. Ag/AgCl). For CO
adsorption from dissociation of 3C-labeled methanol ('*C-MeOH) onto the
pre-clean NPs surface was done with the same cell but in 0.1 M HCIO4+0.5 M
MeOH solution by holding the potential at 250 mV. The EC setup was under a
continuous stream of ultrapure Argon gas during the entire period of the above
treatments. After the EC cleaning or CO adsorption, the NMR sample cell filled
with the supporting electrolyte (0.1 M HC1O4 or 0.1 M HCIO4+0.5 M 13C—MeOH)
was sealed immediately with a one-to-one fitted ground-glass stopper, which was
then inserted into the NMR probe and lowered down to the cryostat that was
pre-cooled at 80 K. After the NMR measurements, the cell was immediately
reconnected back to the EC cleaning setup. The open-circuit potential was
re-checked to make sure that its stability was within a 20 mV difference before
and after the NMR measurements. The '*C NMR spectra of the adsorbed '*CO and
the corresponding inversion-recovery spin-lattice T; measurements were obtained
at various temperature ranges of 80-120 K at a “home-assembled” spectrometer
equipped with an active-shielded 9.395 T widebore superconducting magnet, an
Oxford Spectrostat-CF cryostat (Oxford Instrument, U.K.), an AMT (Lancaster,
PA) 1 kW power amplifier, a Tecmag (Houston, TX) Apollo data acquisition
system, and a home-built single channel solenoid probe with a coil of 5 mm inner
diameter and 28 mm length. Both the '*C and '*°Pt spectra were acquired using the
conventional “n/2-t-n-t-echo” Hahn spin-echo sequence with the n/2 pulse length
and T of 3 ps and 25 ps respectively but for the '*7Pt spectra the frequency was
manually changed between ca. 82—-87 MHz with a 0.047 G/kHz increment between
each resonance position at 80 K because of the extremely broadness of the spectra.
The slow beats of the '*°Pt signal at a given frequency (see Fig. 5.2¢, f) are obtained
by varying the 7 in the spin-echo sequence and the corresponding T| measurements
were done with the conventional saturation-recovery method.

Figure 5.2a, b shows the point-by-point '*>Pt NMR spectra of the as-received
(red) and EC-cleaned (blue) samples of Au@Pt (with Pt packing density (PD) =
3.8, A) and of Ru@Pt (with Pt PD = 0.4, D) core-shell NPs in comparison with that
of the pure Pt/C NPs [73] (black dashed lines and open circles). The vertical dashed
line indicates the surface peak position (1.1000 G/kHz,) of the EC-cleaned pure
2.5 nm Pt/C NPs [73]. Although the frozen electrolyte at 80 K prevented active
potentiostatic control, the tightly vacuum-sealed sample cell ensured that the
sample surface potential would not change during the NMR measurements. This
was verified by measuring open circuit potentials before and after each NMR
measurement that always indicated that a constant potential was indeed achieved.

The as-received Au@Pt NPs had a shelf life of more than 48 months [70],
therefore, the surface was heavily oxidized, as indicated by the peak of Pt oxide
at 1.089 G/kHz (Fig. 5.2a). Notice that distinguishing a Pt surface covered by
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Fig. 5.2 Point-by-point 195pf NMR spectra (a, b), spin—lattice relaxation curves (c) and (d), spin-
spin relaxation (J-coupling modulation or slow-beat) curves (e, f) for the Au@Pt (a, c, e) and
Ru@Pt (b, d, f) NPs, respectively. The calculated Pt PD (packing density) was 3.8 for the Au@Pt
and 0.4 for the Ru@Pt NPs. According to the straight line in Fig. 3 of [72], the expected Pt surface
fraction would be 1.3, i.e., a fully Pt covered Au core. The % of the total deposited Pt on the surface
would be ~1.3/3.8 =0.34, in an excellent agreement with the value of 33 % determined by '*°Pt
NMR in a. Adapted from [71] with permission (© 2012 American Chemical Society)

adsorbed oxygen from that by Pt oxide is straightforward. After the EC cleaning,
the Pt oxide peak disappeared and a clean-surface peak appeared at 1.0975 G/kHz.
The latter amounts to a 2278-ppm positive shift with respect to the clean-surface
peak position (1.1000 G/kHz) of the pure Pt NPs, manifesting a strong electronic
effect of Au on Pt. The significant portion of the '*°Pt atoms in the Au@Pt NPs
resonating at higher fields (above 1.1000 G/kHz) indicates that many deposited Pt
atoms went inside the Au NPs. Indeed, using a Gaussian de-convolution of the
surface peak (the dashed blue curve in Fig. 5.2a), we found that only ~33 % of all Pt
deposited atoms were on the surface of the Au@Pt NPs, which is in agreement with
expected atomic exchange between deposited Pt atoms and the underlying Au
atoms [72]. Notice that such a ~33 % value is actually predicted by the straight
line in Fig. 3 of [72] (see caption of Fig. 5.2).

The as-received Ru@Pt NPs were freshly synthesized with a shelf life of only a
few hours [68]. Under the protection of ethylene glycol, little surface oxidation was
expected in such a short time. Indeed, no significant surface oxidation was observed
in the corresponding '*°Pt NMR spectrum in Fig. 5.2b (red). The clean-surface peak
(blue line) now appeared at 1.1053 G/kHz, corresponding to a 4795-ppm negative
shift with respect to the clean-surface peak position (1.1000 G/kHz) of the pure Pt
NPs, revealing also a strong electronic effect of Ru on Pt as well, which is opposite
to that of Au. A Gaussian de-convolution of the surface peak gave a surface atom
fraction of ~74 %, indicating a dominant Ru core Pt shell structure.
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The nuclear spin-lattice (7,) and spin-spin (75) relaxation measurements are
presented in Fig. 5.2c, e for the EC-cleaned Au@Pt and in 2d and 2f for the
EC-cleaned Ru@Pt, respectively, at the spectral positions listed in the respective
figures. Detailed discussion of the relaxation results is out of scope here due to the
limited space, but it suffices to demonstrate the most important difference here.
Both the T, (Fig. 5.2d) and T, (Fig. 5.2f) at different spectral positions on the
Ru@Pt fall into the same respective relaxation curves, which is a manifestation of
the same chemical environment, i.e., the majority of the Pt atoms were on the
surface. Particularly, a J-coupling modulation analysis [25] of the data in Fig. 5.2f
by fitting to the J-coupling induced slow beats equation [74] S(7)/So = exp(-27/T>)
(P0+exp(—(T/T2,)2)[P 1cos(J7) + Pocos*(J7)]) with J for J -coupling constant, 1/T5;
for spread in J, and Py+ P+ P, =1 (solid line) gives a Pt atomic fraction of 0.37.
Since for a full pseudo-morphic Pt monolayer on a Ru(0 0 0 1) surface, the Pt atomic
fraction among all the possible next nearest neighbors is 6/9 =0.67, a local Pt
atomic fraction of 0.37 is thus consistent with a Pt PD of 0.4 of mono-atomic Pt
islands. In contrast, both the T, (Fig. 5.2c) and T, (Fig. 5.2e) at different spectral
positions on the Au@Pt were different, which indicates a wider distribution of Pt
atoms on surface and inside the NPs as well.

From the T, value, the known spectral position and temperature at which the T
is measured, one can use the two-band model to calculate the s- and d-like Er—
LDOSs, denoted here as Dy(Ey) and Dy(Ey) respectively [75]. These values for the
surface Pt atoms in Au@Pt and Ru@Pt samples are collected in Table 5.1. As can
be clearly seen, Au and Ru cores exert different (opposing) electronic influence on
Pt shell: the former lowers more the d-like while the latter lowers more the s-like
E~LDOSs.

Also collected (in the parentheses) in Table 5.1 are the average surface values
calculated by using the OpenMX DFT package [76] on Pt13@Pt42 (Pt55),
Rul3@Pt42, and Aul3@Pt42 cubo-octahedral clusters. Considering the very sim-
plified cluster models, it is remarkable that the experiments and theoretical calcu-
lations have achieved a good agreement in numerical values and in trend for both
Dy(E¢) and Dy(Ey).

How changes in the surface Pt s- and d-like E~LDOS induced by the Au and
Ru cores influence metal-adsorbate bonding was probed and corroborated by '*C
NMR of '*CO adsorbed onto the Au@Pt and Ru@Pt NPs via dissociative adsorp-
tion of *CH;OH (MeOH). The ability to probe the surface electronic properties by

Table 5.1 E-LDOS values deduced from '*“Pt and '*C NMR data (I Ry=13.6 eV and
mol = molecule)

Dy(E/Ry ™' Dy(E/Ry ™ Dso(E/Ry " Dom-(Eg/Ry !
Samples atom ™! atom ™! mol ™! mol ™
Ru@Pt 3.7 (2.9) 13.3 (12.9) 0.7 4.9
Au@Pt 4.3 (3.0) 10.1 (12.7) 0.6 5.8
Pt 5134 13.5 (15.2) 0.7 6.7
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Fig. 5.3 13C NMR spectra (9.39 T, 80 K) of chemisorbed CO on (a) Au@Pt and (b) Ru@Pt NPs.
Electro-deposition of CO was performed by holding the potential at 0.35 V vs. Ag/AgCl (3 M)
while immersed in 0.5 M D,ClO,4 with 13CH3OH [13]. CH3;0H at 49 ppm was also used as an
internal shift reference. (¢) Temperature dependent 7' relaxation measurements obtained at
333 ppm for CO-Pt/Ru@Pt and CO-Pt/Au@Pt and at 219 ppm for CO-Ru/Ru@Pt. Adapted
from [71] with permission (© 2012 American Chemical Society). Inset in (¢): Linear correlation
between the D,7t«(Ef) and Dy(Ey)

using surface-adsorbed molecules, such as adsorbed '*CO, is among the unique
investigative strengths of in situ EC-NMR. Figure 5.3 shows the '>C NMR spectra
of '*CO on the Au@Pt (a) and Ru@Pt (b) NPs, with the assigned peaks indicated by
the arrows. For the Au@Pt sample, despite the dominant peaks from the remaining
MeOH in the electrolyte and the carbon support, the broad and weak—yet still
discernable—'*C NMR peak at ~333 ppm was assigned to the adsorbed CO, an
assignment corroborated by the temperature dependent 7| measurements (vide
infra). For the Ru@Pt sample, the peaks at =300 ppm and ~219 ppm can be
assigned to CO on Pt and on Ru sites, respectively, based on the literature values
[27,77]. The difference in the signal strength of the adsorbed CO on the Au@Pt and
Ru@Pt NPs may reflect the difference in dissociative adsorption of MeOH on the
respective surfaces.

The results of temperature dependent 7| measurements are presented in
Fig. 5.3c. For the CO on Pt, the T,’s were measured at 333 ppm for both Au@Pt
(T'T=283 s K) and Ru@Pt (I'T=99 s K) samples to facilitate comparison,
although the peak position for the latter was at ~ 300 ppm. The pass-through-origin
straight lines are the hallmark of the Korringa relaxation behavior [78], which
indicates that the adsorbed CO molecules on three different sites all acquired
metallic characteristics through surface bonding. For CO on Ru sites, the shift
(219 ppm) and Korringa constant 7,7 =138 s K (where T is the absolute temper-
ature at which T is measured) are very close to those observed on pure Ru [77] and
on Ru deposited on Pt NPs [27], which lends strong support to our peak assignment
that is also consistent with the expected exposure of Ru core for a Pt PD of 40 %. On
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the other hand, the Korringa constants measured at the same spectral position
(333 ppm) were different for CO on the surface Pt atoms of the Au@Pt and on
those of the Ru@Pt NPs. The former showed a faster relaxation (i.e., smaller
Korringa constant 71T), and thus a stronger metal-adsorbate bonding. In fact for
CO on Pt, we can also deduce the values of the respective 50- and 2n*-like E—
LDOS, i.e., Dso(Ey) and D,m«(Ey), at °C by using a different two-band model
developed for adsorbed CO on Pt [26].

As can be seen from the data in Table 5.1, the Ds4(Ey) was essentially constant,
while the D,.+(Ey) decreased proportionally (inset in Fig. 5.3¢) with the Dy(Ey) for
CO on Pt from pure Pt to Au@Pt to Ru@Pt. This suggests that the electronic
alterations on metal-CO bonding, i.e., changes in metal to CO 2n* back-donation
[79], and therefore in bonding strength, were mainly caused by the variations in the
Dy(Ey) of the surface Pt atoms. On the other hand, it has been observed that the
ability to dissociatively adsorb MeOH that leads to adsorbed CO follows the order
Pt ~Ru@Pt > Au@Pt, which shares the same order in the respective Dy(Ef) as
shown in Table 5.1. These results suggest that the d-like electrons are probably
responsible for agostic interaction that activates the three methyl protons in MeOH
during its dissociative adsorption.

5.4 In Situ EC ATR-SEIRAS of Ru@Pt and Au@Pt NPs
[80]

Figure 5.4 shows the schematic of the EC IR cell that was used for in situ EC
ATR-SEIRAS measurements of the Ru@Pt and Au@Pt samples. A gold film was
first electrolessly deposited onto the reflecting plane of a Si attenuation total
reflection (ATR) prism of a triangular shape, which was polished with successively

CE

RE
Gas outlet
Deposited NPs:

i Ru@Pt, 1.05 mg
Au@Pt, 0.18 mg

IR beam \'/

Si prism

Fig. 5.4 Schematic of the in situ EC ATR-SEIRAS cell used for ATR-SEIRAS measurements.
WE, RE and CE stand for working, reference and counter electrode respectively. A ~50-nm Au
film was first deposited onto the pre-polished Si prism onto which the Ru@Pt or Au@Pt NPs were
then drop-casted and dried with nitrogen flow
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finer grade alumina slurries down to 0.3 pm and cleaned by sonication in the Milli-
Q water. The detailed deposition procedure can be found elsewhere [81].

For the in situ EC-SEIRAS measurements, Ru@Pt (1.05 mg) and Au@Pt/C
(0.18 mg) were dispersed onto the as-prepared gold film. The catalytic adlayer of
the core-shell NPs was then dried in a gentle nitrogen flow at room temperature. No
Nafion® solution was used in order to avoid any optical interference. The working
electrode surface (Au film plus NPs) was cleaned by repetitive potential cycling
until stable and reproducible cyclic voltammograms (CV) were achieved in 0.1 M
HCIO, at 50 mV s~ ! between —0.3 V and 0.7 V for the Ru@Pt, and —0.25 V and
1.0V for the Au@Pt/C NPs, respectively. Notice that the Ru@Pt had an expected Pt
PD or coverage of 40 % while that for the Au@Pt was 100 %.

Figure 5.5a, b present the SEIRAS spectra of two sequential COR potential scans
after gaseous CO adsorption on the Ru@Pt (a-1 and a-2) and the Au@Pt (b-1 and
b-2) NPs. The reference spectra were taken at 0.7 V for the former and 1.0 V for the
latter at which all adsorbed CO had been fully oxidized according to the
corresponding CO stripping voltammograms. While the same IR band of linearly-
bound CO-Pt was observed on the Au@Pt NPs for the two sequential COR runs
(Fig. 5.5b, d), there were changes for the CO spectra on the Ru@Pt NPs. In (a-1),
the spectra show a series of a single, potential-dependent CO IR band that varied
between 1998 and 2047 cm ', which can be assigned to a linearly-bonded COy
[43, 82]. The peak position of this single band at —0.15 V (spectrum (a) in the inset
of Fig. 5.5¢) is 2005 cm ™', a value in agreement with those of CO adsorbed on the
Ru sites of Ru-decorated Pt(1 1 1) surfaces (from 2001 to 2008 cm™ ') [82—84] but
between those of COp on pure Ru (~1995 cm™ ') [43, 82] and on PtRu alloy
(~2044 cmfl) [43, 85] under the similar conditions. For CO absorbed on the
Ru-modified Pt(1 1 1) surfaces, two distinct CO stretching bands corresponding to
Pt-CO( and Ru-COy_respectively were observed; but on the Ru@Pt of the first COR
in this study and on PtRu alloys [43, 85, 86] in general, only one band was observed.

On the other hand, the SEIRAS spectra obtained between —0.3 to 0.3 V of the
CO during the second COR on the Ru@Pt can be reasonably de-convoluted into
three peaks whose values at —0.15 V are 1948 cmfl, 2000 cm ! and 2031 cm ™!
respectively (spectrum b in the inset of Fig. 5.5¢). Based on the available literature
values and assignments of the C-O stretching frequencies of adsorbed CO on Ru
[43], Ru-decorated Pt [82, 83, 87], and PtRu alloy [43, 88, 89] surfaces, we assigned
the three peaks to CO, bonded to Ru-coordinated-to-Ru (or Ru sites distal to the Pt
islands—Ru-like sites, 1948 cmfl), Ru-coordinated-to-Pt (or Ru sites proximal to
the Pt islands—PtRu sites, 2000 cmfl), and Pt-islands-on-Ru-core (or Pt adlayer
sites that are most close to Pt sites in PtRu alloys—Pt-like sites, 2031 cm_l) sites on
the surface of the Ru@Pt NPs respectively. The middle-frequency sites are most
likely around the peripheries of the Pt islands formed on the surface of Ru core [90].

Because Ru is highly oxophilic, the exposure of the Ru@Pt NPs to air after the
synthesis can easily lead to an enrichment of Ru species to the surface [91]. More-
over, neither repetitive CVs between —0.3 V and 0.7 nor holding electrode potential
at —0.3 V could readily modify such a Ru enrichment on the surface of the Ru@Pt
NPs. Consequently, only one C-O stretching band (Fig. 5a-1) similar to that of
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Fig. 5.5 The potential dependent EC-SEIRAS spectra of the pre-adsorbed CO during the first
(a-1/b-1) and the second (a-2/b-2) COR on the Ru@Pt/Au@Pt/C NPs respectively in 0.1 M
HCI1O,. The spectra taken at 0.7 V for the Ru@Pt and 1.0 V for the Au@Pt/C were used as the
corresponding reference spectra. The integrated areas of the spectra in (a) and (b) are plotted in (c¢)
and (d) respectively. The inset in (¢) compares fine spectral features of (a-1) and (a-2) taken at
—0.15 V. The spectra in (a-2) can be de-convoluted into three bands: 2031-cm™! (green stars),
2000-cm ™" (blue triangles) and 1948-cm™" (pink squares) bands, which should be compared with
those in (a-1) where only one band (2005 em™ !, black circles) was observed. In contrast, only one
same IR band that varied between 2025 and 2070 cm ™! was observed in (b-1, black triangles in d)
and (b-2, red triangles in d). Adapted from [80] with permission (© 2011 American Chemical
Society)

CO_-Ru of Ru-modified Pt(1 1 1) surface [82] was observed, suggesting a dominant
CO-Ru species on the surface.

On the other hand, the first COR acted like a CO annealing process and was able
to reduce (at least partially) the surface Ru oxide (RuOy or RuO,Hy) to metallic Ru
and to bring the segregated Pt sites back to the surface of the Ru@Pt NPs so that CO
could adsorb onto different surface sites that led to the appearance of the three
different C-O stretching peaks as observed in the inset of Fig. 5.5c. The potential
dependent integrated IR band intensity of each de-convoluted band is presented in
Fig. 5.5c. What is intriguing is that the integrated intensity of each band behaves
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differently. The 2031-cm ™' band (the Pt-islands-on-Ru-core sites, green stars)
shows the most negative onset potential of the COR, i.e., ~—0.1 V, at which the
CO IR intensity starts decreasing. The 2000-cm ™' band (the Ru sites proximal to
the Pt islands, blue solid triangles) shows little intensity changes from —0.3 to
0.0 V, a noticeable intensity increase from 0.0 to 0.25 V, and then a rapid intensity
decease beyond 0.25 V. The latter can be considered the COR onset potential of
these sites. Lastly, the CO IR intensity of the 1948-cm ! band (the Ru sites distal to
the Pt islands) decreases slowly until ~0.15 V beyond which a shaper decrease
starts. Thus, 0.15 V can also be considered as its COR onset potential.

The above observations led us to conclude that, in terms of the COR, the
Pt-islands-on-Ru-core sites were the most active; the proximal Ru sites were the
least active, and the distal Ru sites were in between. Although these differences in
the reaction rate of the COR may reflect differences in reaction barrier and/or CO
diffusion rate at these sites, their relatively lower onset potentials for the COR
should be contrasted to that of the first COR whose value is about 0.35 V (Fig. 5.5c,
black circles). This indicates that the more segregated surface structures of the
Ru@Pt NPs generated by the CO annealing, i.e., Pt islands on metallic Ru core, is
much more active than the (largely ruthenated) surface structure before the CO
annealing of which surface Ru oxides dominated, an observed was further con-
firmed by our recent study of the chemistry related to the activation of commercial
PtRu alloy electrocatalysts [92].

Figure 5.5b-1 and b-2 depict the potential dependent EC-SEIRAS spectra for the
two sequential CORs on the Au@Pt/C NPs. As briefly mentioned above and in
contrast to the cases of the Ru@Pt NPs presented in Fig. 5.5a-1 and a-2, no obvious
differences were observed in terms of the SEIRAS of the pre-adsorbed CO between
the two sequential CORs, as can been seen in Fig. 5.5b, d: only one CO IR
stretching band varying from 2025 to 2070 cm ™' was observed over the entire
potential range, which can be assigned to a linearly bonded COy-Pt. This infers
rather constant surface structure and properties of the Au@Pt/C, an indication of
stability.

What is puzzling but also intriguing is the rather precipitous decrease in the IR
intensity below 0.0 V where adsorbed CO is supposed to be stable. Coincidently,
the potential dependence of the vibrational frequency in this region also behaved
oddly (not shown here but can be consulted in the original paper [80]). Since the
linearly increasing current during CO stripping positive-going potential scan was
largely negative in this potential regime [80], we speculated that an ongoing
protonation-like process converted adsorbed CO into a different species whose
exact identity is still unknown. However, the species-conversion hypothesis is
consistent with the observation of the non-monotonic frequency variation observed
in the same potential regime mentioned above [93] and with the observation of
co-adsorbed hydrogen on Pt electrodes by visible-infrared SFG [94] and by
SEIRAS [95-98]. Moreover, if this large decrease in IR intensity were caused by
a much earlier COR, it would be hard to reconcile with that no enhanced MOR was
observed on the Au@Pt NPs as will be discussed below.
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Fig. 5.6 The in situ SEIRAS spectra acquired in 0.5 M MeOH + 0.1 M HCIO, during positive
potential scan of MOR on the Au@Pt (a and a’) and Ru@Pt (b) NPs, with the spectra taken at
—0.25 and —0.3 V as the respective references. The spectra in (a’) are the water bending bands for
the Au@Pt/C NPs obtained using the spectrum recorded at 0.1 V as the reference while the inset in
(b) amplifies the very weak CO spectra. (¢) and (d) show the corresponding potential dependent
integrated IR intensity of the adsorbed COy (blue) and the surface water bending S(HOH) (red).
The solid lines are for eye-guiding purpose. Adapted from [80] with permission (© 2011 American
Chemical Society)

The MOR on the Ru@Pt and Au@Pt/C NPs after the two sequential CORs
discussed above was followed by the in situ stair-step potential dependent
EC-SEIRAS in 0.5 M MeOH+0.1 M HCIO4. On the Au@Pt/C NP surface a
weak Pt-COy_ band around 2040 cm ™' was observed as shown in Fig. 5.6a whose
corresponding integrated intensity is shown in Fig. 5.6¢ (solid blue circles). Notice
that while the COR of the pre-adsorbed gaseous CO (Fig. 5.5b) started with a fully
CO-covered surface, the MOR started with a CO free surface. Therefore, the
increase in IR intensity of the COy, during the MOR before 0.45 V is a manifestation
of the accumulation of the surface-bound poisonous CO generated from the disso-
ciative adsorption of MeOH. Notice that the CO intensity started decreasing at
0.45 V, which is consistent with the main-current peak potential of the CO
stripping [80].
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During the potential dependent MOR, a somewhat bipolar water bending vibra-
tion (HOH) band was observed at ~1620 cm™' with the negative going signal
appearing at the lower frequency side. If the spectra were re-referenced by the
spectrum obtained at 0.1 V, the original bipolar spectral shape largely disappeared
(Fig. 5.62"). This is because 0.1 V is around the potential of zero charge, PZC [99],
at which IR bending vibration of the absorbed water is expected to be weakest
[32]. The now dominantly mono-polar spectra in Fig. 5.6a’ reveals a more clear
trend: The peak intensity decreased first gradually and the bending frequency
moved from 1608 cm ™' at —0.2 V to 1600 cm ™' just below 0.1 V; it then started
increasing continuously with a constant bending frequency at 1622 cm™' above
0.1 V (red triangles in Fig. 5.6c). Such a behavior of the 5(HOH) is very similar to
that observed on Pt film [95], which was interpreted as due to changes in the
hydrogen-bonding-associated average orientation of water molecules with
oxygen-up or down on the negative or positive charged Pt surface separated by
the PZC.

Below the PZC, the Au@Pt/C NP surface was negatively charged so it attracted
the hydrogen end of the water molecules. As the electrode potential became less
negative, the attraction to hydrogen became weaker, so less hydrogen-down water
molecules would bond to the surface and led to weaker IR intensity of the water-
bending band. As the electrode potential moved further positively beyond the PZC,
the Au@Pt/C NP surface became more and more positively charged, leading to
attracting more and more water molecules via the oxygen-end of the water mole-
cules. Consequently, the IR intensity of the water-bending band became stronger.
Although the electro-oxidation of MeOH and adsorbed CO must have consumed
surface water, the continuous increase in water adsorption above 0.1 V indicates
that the MOR on the Au@Pt/C NPs was overall slow. The oxidation of the surface
above 0.75 V led to the observed level-off and then decrease in the IR intensity.

The band of the adsorbed CO generated during the MOR on the Au@Pt/C NPs
was much weaker than the pre-adsorbed gaseous CO for the COR. This is consistent
with the EC results that showed the degree of the suppression of hydrogen adsorp-
tion was much lower for the former than that for the latter. Yet, an even weaker
linearly bound CO band at about 1977 cm~ ! (at —0.05 V) was observed for the
MOR on the Ru@Pt NPs, whose integrated intensity, although about three times
smaller than that of the CO generated during the MOR on Au@Pt NPs, followed the
same increase-then-decrease pattern with the peak at —0.05 V (Fig. 5.6d). It is
highly likely that this CO band corresponds to the poisonous CO generated during
the MOR on the Pt-islands-on-Ru-core sites, for the Ru sites are essentially inactive
for MOR. Moreover, this onset is almost identical with that of COy on Pt islands of
Ru@Pt for second COR (green stars in Fig. 5.5¢). The very low CO coverage was
probably responsible for the significant red shift in stretching frequency from the
full-coverage value of ~2030 cm ™' to the low-coverage value of 1977 cm ™.

Notice that the MOR generated CO-band peak potential of —0.05 V for the
Ru@Pt NPs was 0.5 V more negative than that (0.45 V) for the Au@Pt/C NPs. This
observation implies a much less CO poisoning and faster MOR on the Ru@Pt than
on the Au@Pt/C NPs. Indeed, the amplitude of the corresponding surface water
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bending vibration 5(HOH) band at 1641 cm™' (Fig. 5.6b) did not show an increase
after 0.1 V but instead reached a constant level (Fig. 5.6d), signaling that the MOR
on the Ru@Pt NPs was much faster than on the Au@Pt/C NPs such that it led to a
higher rate of surface water consumption, therefore a steady state of surface water
adsorption.

As activated surface water is a necessary surface reactant for both COR and
MOR [100, 101], its in situ IR spectroscopic investigation has proven informative
and revealing [7, 41, 102]. The IR vibrational frequency, band shape, and intensity
of the surface water at the EC interface are very sensitive to several parameters that
include the type of metal surface, the strength and direction of interfacial electric
field, and the co-adsorbed species. In addition to the bending mode S(HOH)
discussed above, three distinguishable v(O-H) stretching bands of interfacial
water have been identified and reported: [32, 95, 103, 104] the non-hydrogen
bonded water monomer at ~3660 cm™', the strongly hydrogen-bonded ice-like
water at ~3040 cm™ ', and the disordered weakly hydrogen-bonded water at
~3400 cm ™",

For the MOR, two water bands were observed (Fig. 5.7a): the weakly hydrogen-
bonded at 3380 cm ™' and strongly hydrogen-bonded at 3075 cm ™. Their potential
dependent, integrated IR intensity obtained by peak de-convolution are presented in
Fig. 5.7b. The initial intensity decrease in both bands can be again rationalized by
the reduced attraction to the hydrogen of the water molecule as the surface became
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Fig. 5.7 (a) The potential dependent EC-SEIRAS spectra of the v(O-H) bands observed on the
Ru@Pt NPs during MOR and (b) the corresponding integrated IR intensity of the 3380-cm ™" (pink
stars) and 3075-cm™ ! (blue diamonds) bands as indicated by the vertical red lines in (a). Also
presented in (b) is the current transient recorded during the stair-step IR measurements (black
curve with spikes). Adapted from [80] with permission (© 2011 American Chemical Society)
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less negatively charged. The second large decrease in the integrated intensity for the
weakly hydrogen-bonded water at 3380 cm ™' that peaked at ~0.45 V as compared
to the flat amplitude of the strongly hydrogen-bonded water band at 3075 cm ™' over
the same potential region strongly suggests that the former type of water was at least
more actively involved in the MOR and therefore was consumed more. This
activity correlation is further supported by the simultaneously recorded current
transients over the potential-step changes (black curve in Fig. 5.7b). The clear
overlap of the MOR current peak with the IR intensity dip of the weakly hydrogen-
bonded water is the strongest experimental evidence showing that the weakly
hydrogen-bonded water was the active water species for the MOR on the Ru@Pt
NPs.

The in situ EC-SEIRAS spectra of the v(O-H) band of the interfacial water on
the Au@Pt/C NPs during the COR in 0.1 M HCIO4 and MOR in 0.1 M
HCIO,+0.5 M MeOH are presented in Fig. 5.8a, b. Very similar behaviors were
observed for both cases, consisting of a broad band at 3245 cm ™' with a shoulder at
~3400 cm ™" over the entire potential range studied. Additionally, a small yet visible
and also narrower peak at ~3580 cm ™' was observed for potentials more positive
than ~0.3 V for the COR and than ~—0.1 V for the MOR, respectively. The
potential dependent integrated band intensities obtained via de-convolution were
plotted in Fig. 5.8c, d (the blue circles for the COR and red triangles for the MOR)
for the 3435-cm ™' (weakly hydrogen-bonded) and 3245-cm ™! (strongly hydrogen-
bonded) water bands, respectively.
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Fig. 5.8 Potential dependent EC-SEIRAS spectra of v(O-H) stretch vibration for the Au@Pt/C
NPs during the COR (a) and MOR (b). The integrated IR intensity of the 3245-cm ™! (c¢) and 3580-
cm ™! (d) bands as a function of potential for the COR (blue circle) and MOR (red triangle)
obtained by spectral de-convolution. Adapted from [80] with permission (© 2011 American
Chemical Society)
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Among the three different types of water observed, only the weakly hydrogen-
bonded water in both the COR and MOR (Fig. 5.8d) show a variation pattern in the
potential-dependent, integrated IR band intensity that has three different potential
regimes: —0.25 t0 0.1 V, 0.1-0.45 V, and 0.45-1.0 V, which closely match those of
IR band of the adsorbed CO (Fig. 5.5d). Interestingly, two distinct increasing rates
of the IR intensity were observed in the latter two potential regimes: 0.28, 0.12 a.u./
V below and 1.01, 0.79 a.u./V above ~0.45 V (see the black straight lines in
Fig. 5.8d) for MOR and COR, respectively, of which the electrode potential of
0.45 V coincides with the peak potential of the COR and the poisonous CO
generated during the MOR (Fig. 5.6¢). Thus, the much bigger increasing rate of
the IR intensity above 0.45 V is most likely due to the oxidation of adsorbed COy in
COR and MOR that rendered more surface sites available for water adsorption.
Such a pattern match strongly suggests that the weakly hydrogen-bonded water
species most likely occupied the surface sites freed by the CO oxidation and might
also be the source of oxygen-containing species for the COR and MOR as suggested
by the observations made on the Ru@Pt NPs (Fig. 5.7b), although more direct
evidence supporting this assignment is still needed. Moreover, since no v(OH) band
corresponding to adsorbed Pt-OH, 45 (~3700 cm_l) [103] was observed during both
the COR and MOR and on both samples, the dissociative adsorption of water on Pt
(Pt-OH, — Pt-OH,q4s + H* + €7) was probably the rate-determining step for both the
COR and MOR [7].

5.5 In Situ SERS of Pt and Ru@Pt

Figure 5.9 shows the Schematic of our in situ EC-SERS cell. The cell body is made
of Teflon with a quartz window through which the laser is shined onto the surface of
working electrode, which can be a rough Au film electrode, a roughened Pt disk
electrode, or NPs deposited on the substrate electrode. For the current study,
commercial Pt black or the synthesized Ru@Pt NPs were drop-casted onto a normal
Pt disk electrode from which Raman signal is too weak to be observed. The surface
enhancement came from the NPs themselves but it was time-consuming to locate a
“hot” spot. For the measurements, 0.1 M HCIO4 or 0.1 M HCIO4+0.5 M MeOH
were used for COR and MOR respectively. The EC-SERS spectra were obtained
using a confocal Raman microscope system (Renishaw RM1000) equipped with a
deep depletion CCD peltier cooled down to —70 °C. The microscope attachment is
based on an Olympus BH2-UMA system and uses a x50 objective. A holographic
notch filter was used to filter the excitation line, and 1200 g mm ™! selective
holographic grating was employed depending on the spectral resolution required.
The excitation wavelength was 785 nm from a Renishaw diode laser with a
maximum power of 100 mW. For each spectrum, exposure time was 120 s; each
potential step was held for 253 s during the in situ EC SERS measurements.
Figure 5.10 compares the in situ EC SERS spectra of the adsorbed CO at —0.25 and
0.0 V acquired during COR and MOR on Pt black and Ru@Pt respectively. It shows
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Fig. 5.9 The schematic of the in situ EC SERS cell with a photo of the working electrode encased
in the cell body as seen from the top. Adapted from [93] with permission (© 2014 Royal Society of
Chemistry)

Fig. 5.10 In-situ EC SERS
spectra of the bonding of
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that the gaseous adsorption generated Pt—CO bands on Pt and Ru@Pt at 0.0 V
appeared at 485 cm ™' and 490.5 cm ™!, respectively, with a difference of ~+5 cm™ .
On the other hand, the v(C—O) on Pt and Ru@Pt at the same potential presents
bands at 2052 cm™ ! and 2006 cm ™!, respectively, with a difference of ~—46 cm ™l
In other words, in contrast to the large red shift (~—46 cm™") for C-O stretching on
pure Pt vs on Ru@Pt, the corresponding difference in the Pt—CO vibrational frequency
shows a small but still significant blue shift (~+5 cmfl). Such opposing shifts in vp,_co
VS Vc_o indicates that the addition of Ru makes the Pt sites more electron-accepting
or having higher Lewis acidity [105]. For MeOH generated CO on the Ru@Pt,
the band intensity was much weaker, indicating improved CO tolerance. But it also

showed the largest negative Stark tuning slope: —32 cm™'/V (the other two were
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much smaller though still negative). That the SERS can access vp._co vibration, which
is directly related to metal-CO bonding and inaccessible to IR, offers insight that is
complementary to the intra-molecular vibration that can be measured by IR.

5.6 Discussion

In the above sections, we have presented in situ EC 195pt and *CO NMR, SEIRAS
and SERS data obtained on the same Ru@Pt and Au@Pt NPs, shedding light on
different aspects of their respective electrocatalytic behaviors. For instance, NMR
probes the electronic properties of the metal NPs, IR exams the intra-molecular
vibrations and by which identifies reaction intermediates, and Raman accesses to
the metal-adsorbate vibrations. Altogether, they can provide a fuller picture and
deeper understanding of the system under investigation.

NMR’s ability to provide quantitative information on electronic partition at the
Fermi level (Table 5.1) can be of good use to connect with some recent theoretical
development. For instance, recent quantum calculations on oxide-supported Pt
model systems [106] have (re-) unearthed a potentially important and also more
chemically intuitive surface bonding descriptor—the electronic partition, i.e., 6sp vs
5d electrons, at Pt that has been less (if not at all) investigated in electrocatalysis.
The calculations predict that the Pt—H bond would be stronger at a Pt site with
higher 6sp partition, while the Pt—O bond would be stronger at a Pt site with higher
5d partition, with Pt—CH; and Pt—CHj, in between. The relatively recent application
of the Crystal Orbital Hamiltonian Population (COHP) formalism [107] within the
extended Huickel molecular orbital (MO) theory to chemisorption of CO, hydrogen,
methyl, and ethyl to metal surfaces by Hoffman and co-workers [108] also highlight
the revealing power of such a chemistry-based electronic-orbital-specific (EOS)
formalism. For instance, the COHP analysis revealed that the metal sp orbitals
actually contribute significantly (much more than previously believed) to the
overall CO-Ni and CO-Pt chemisorption [109-111]. Also, based on the COHP
analysis, strong agostic interactions between the C—H bonds of methyl and ethyl
groups and the Pt sites of high symmetries were proposed for C—H bond activation
[108]. This may find useful application in further delineating the mechanism of the
formic acid oxidation reaction (FAOR) and MOR on metal (Pt) surfaces, where C—
H bond-breaking is a necessary reaction step. This line of reasoning may also be
useful in designing suitable catalysts for partial oxidation of methane.

Indeed, the aforementioned EOS description has long been embodied in the
organometallic analogy of surface bonding advocated by Somorjai [112-114] and
in the frontier-orbital formalism by Hoffmann [115, 116], which has been very
successful in rationalizing many reaction mechanisms at solid/gas interfaces of
heterogeneous catalysis. It is somewhat surprising that it has not found wide-spread
use in electrocatalysis lately, which might have to do with the fact that the powerful
valence-electron-orbital-probing ultraviolet photoelectron spectroscopy is not
applicable to a solid/liquid interface, so a direct experimental connection with the



5 Integrated Studies of Au@Pt and Ru@Pt Core-Shell Nanoparticles. . . 243

chemically intuitive EOS description is thus lost. Nonetheless, we strongly believe
that an EOS description as briefly mentioned above can complement the highly
successful d-band center theory by offering more chemical specificity in terms of
surface-bonding-involved electronic orbitals by which the chemistry taking place at
an EC interface may be better nuanced. Moreover, FAOR, MOR, and oxygen
reduction reaction (ORR) at an electrode surface, all involve elementary reaction
steps that will necessarily have Pt—H, Pt—O, Pt-CHj, and/or Pt—~CH, bond formation
and C—H, O-H, and/or O=O0 bond breakings, either sequentially or simultaneously.
They can thus serve as a natural and fertile testing ground for the EOS description.
Therefore, the EOS description can help parse more insightfully the chemistry of
M@Pt core-shell NPs for fuel cell electrocatalysis as a function of core element M
at an electronic and molecular level.

Figure 5.11 illustrates some EOS information obtained by the '*’Pt and '>CO
NMR: the pure Pt has the highest s-like electrons at the Fermi level, Ru@Pt lowest,
with Au@Pt in between. Now if higher availability of s-like electrons leads to
stronger Pt-H bonding, the ability to abstract hydrogen would be strongest on Pt,
weakest on Ru@Pt, with Au@Pt in between. For MOR, stronger hydrogen
abstracting ability would lead to more generation of CO [117], which would
rationalize why only very low amount of CO was observed on the Ru@Pt
(Fig. 5.6b). At the same time, the availability of d-like electrons is not reduced at
all as compared to pure Pt so it would retain its ability to bind oxygen-containing
species, which would facilitate the formation of methoxy therefore enhance the
direct reaction pathway [117]. In other words, the higher MOR activity on Ru@Pt
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Fig.5.11 Correlation between the D-,«(Ey) and Dy(E,) deduced by using the two-band model from

the '*C NMR Data of CO,4s on the Pt, Ru@Pt and Au@Pt NPs as well as '>>Pt NMR of them.
Adapted from [71] with permission (© 2012 American Chemical Society)
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might arise from its ability to enhance the direct reaction pathway for MOR. By the
same token, the substantially reduced d-like electrons at the Fermi level for the
Au@Pt would account for its inferior ability to do MOR because of its worsened
ability to bond oxygen-containing species.

As to the blue shift of the Pt—CO vibration from the pure Pt to Ru@Pt observed
by in situ EC-SERS, one could rationalize it by the reduction in s-like electrons at
the Fermi level as this correlates to a lower D,,«(Ey) (Fig. 5.11), an indication of
stronger Pt—CO bonding [105]. Consequently, vp_co became higher on the
Ru@Pt NPs.

5.7 Summary and Future Outlooks

We have shown in this chapter that integrating in situ EC NMR, SEIRAS and SERS
studies of the Ru@Pt and Au@Pt NPs has enabled us to achieve a better mecha-
nistic understanding of the two systems. In situ *>Pt and '>*C NMR were able to
provide some quantitative EOS information based on which some SEIRAS and
SERS observations can be rationalized. The more relevant information one can
garner, the better one can understand the catalyst’s performance through which
better performing electrocatalysts can be designed and developed. For instance, for
Ru@Pt NPs, the SEIRAS data have suggested that segregated Pt and Ru ensembles
seem to help enhance the MOR reactivity. Also, lowering the s-like but increasing
the d-like electrons’ availability may guide MOR through the direct reaction
pathway without generating poisonous CO. Such specific information can be fed
to the next round of designing and developing better MOR electrocatalysts.

In terms of developing further in situ techniques, there are several promising
ones on the horizon that will become mature in the next decade. The first is the
synchrotron light source and free-electron laser [118] based in situ X-ray spectro-
scopic methods [119]. As the synchrotron light source becomes more intense, the
sensitivity of the technique will improve as well. It is also expected that the spatial
resolution of X-ray based microscope and imaging will also improve substantially
over the next decade. The second is the simple and straightforward high-resolution
in situ EC NMR [120] that can explore all the analytical power of routine NMR.
The third is nitrogen vacancy based scanning NMR microscope [121-123]. The key
features of these new developments are chemical specificity, sensitivity, and spatial
resolution.
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