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Enantioselective heterogeneous hydrogenation of C_O bonds is of great potential importance in the synthesis of
chirally pure products for the pharmaceutical and fine chemical industries. One of the most widely studied
examples of such a reaction is the hydrogenation of β-ketoesters and β-diketoesters over Ni-based catalysts in
the presence of a chiral modifier. Here we use scanning transmission X-ray microscopy combined with near-edge
X-ray absorption fine structure spectroscopy (STXM/NEXAFS) to investigate the adsorption of the chiral modifier,
namely (R,R)-tartaric acid, onto individual nickel nanoparticles. The C K-edge spectra strongly suggest that tartaric
acid deposited onto the nanoparticle surfaces from aqueous solutions undergoes a keto-enol tautomerisation. Fur-
thermore, we are able to interrogate the Ni L2,3-edge resonances of individual metal nanoparticles which, combined
with X-ray diffraction (XRD) patterns showed them to consist of a pure nickel phase rather than themore thermo-
dynamically stable bulk nickel oxide. Importantly, there appears to be no “particle size effect” on the adsorption
mode of the tartaric acid in the particle size range ~90–~300 nm.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Chemical routes to enantio-enriched, and ultimately enantio-pure,
compounds have attracted great interest in the past decades, stimulating
remarkable progress in homogeneous enantioselective catalysis. The
culmination of this was the award of the Nobel Prize in Chemistry in
2001 to Noyori, Sharpless and Knowles for their inputs in advancing ho-
mogeneous asymmetric hydrogenations and oxidations [1,2]. In contrast
to the numerous examples of enantioselective homogeneous catalysts re-
ported in the literature the number of successful heterogeneous systems
is small — despite the numerous advantages of heterogeneous systems
over their homogeneous counterparts. Various strategies have been pur-
sued to design heterogeneous enantioselective catalysts that combine
high catalytic activitywith suitable stereochemical control of the reaction,
the most successful of which include the modification of the catalytic
metal surface by a strongly adsorbing chiral compound, the modifier
[3–5]. The progress in heterogeneous enantioselective catalysis is
reflected by the rapidly growing number of scientific publications and a
number of recent reviews of the subject [4,6–10]. The importance of
chirally modified metals in asymmetric synthesis has also stimulated a
number of surface science studies aimed at understanding the funda-
mental properties of the adsorption of chiral molecules at catalytically
.

relevant surfaces. These studies usually combinemodel surfaces, i.e. single
crystals, with ‘ideal’ adsorption conditions, i.e. ultra-high vacuum [11–13].
There are relatively few studies published, with the notable exception of
the work of Jones and Baddeley [14] who studied the adsorption of
tartaric acid from solution under a number of different conditions, that
utilise ‘real’ catalytic materials and/or conditions — this is something we
address in this paper.

To date the heterogeneous catalytic systems that have undergone
the most interrogation include the enantioselective hydrogenation of
α-ketoesters over Pt-based catalysts [3,15–17] and the enantioselective
hydrogenation of β-ketoesters and β-diketoesters over Ni-based cata-
lysts [4,18–20].

These enantioselective surface reactions are controlled by the
presence of an adsorbed chiral molecule on the surface of the active
metal. In the case of the Ni/β-ketoester system, (R,R)-tartaric acid
(R,R-TA) or amino acids, such as alanine and aspartic acid [21,22], are
used as the chiral modifier and an enantiomeric excess [23] of
R-methyl-3-hydroxybutyrate (R-MHB) is observed following the
hydrogenation of methylacetoacetate (MAA) (Fig. 1).

The precise pathway of the reaction and the mechanism of this
enantioselective control have, however, not been yet verified; though
several models of the modified surface have been proposed to explain
the activity [3,24–26]. One possible explanation being a two-point
hydrogen-bonding (H-bonding) model in which the protons of the
hydroxyl groups of the tartaric acid H-bond to the β-ketoester or
β-diketone oxygen atoms. This arrangement sterically favours the
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Fig. 1. Schematic diagram of the β-ketoester hydrogenation reaction showing a typical reactant, methylacetoacetate, the major product, (R)-methyl-3-hydroxybutyrate ((R)-MHB) and
the chiral modifier, (R,R)-tartaric acid. When (S,S)-tartaric acid is substituted as the chiral modifier the major product is the S-enantiomer, (S)-MHB.
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adsorption of one β-ketoester conformer over the other, thus
resulting in enantioselective hydrogenation (Fig. 2) [24–26]. Satisfyingly,
this model also explains both of the diastereoisomers formed in the
chiral dehydrogenation of acetylacetonate [27]. Furthermore it accounts
for the hydrogenation of prochiral ketones containing sterically hindered
alkyl groups, which can form only one hydrogen bond, with the net
result being a very striking reversal of enantioselectivity. In Fig. 2, it is
clear that hydrogenation of MAA in this conformation would result in
the R-form of MHB being formed. An alternative proposed model
involves the formation of 2-dimensional chiral co-crystalline domains
on the metal surface formed by the propensity of the chiral adsorbate
molecules to self-assemble into ordered structures [4]. This template
surface model is a reasonable one when used in relation to extended
surfaces (for example single crystals or the larger nanoparticles used in
this study) but may reach limitations on very small nanoparticles due
to limited terrace widths. There have beenmany attempts to further un-
derstand the active site in TA-Ni catalysts for the hydrogenation of MAA
but no clear explanation of the catalytic phenomena has been proposed
which would bring this into light [4,25–27].

In this paperwe aim to collect detailed in situphotoabsorption spectra
of species involved in the topical enantioselective hydrogenation reaction
of methylacetoacetate. We will use the excellent spatial resolution
afforded by the PolLux scanning transmission X-ray microspectroscopy
(STXM) beamline of the Swiss Light Source to locate individual nanopar-
ticles and subsequently measure the Ni L2,3-edge NEXAFS spectra as well
as the C K-edge NEXAFS spectra of the adsorbed tartaric acid molecules.

There are numerous articles in the literature where STXM has been
used to study polymer systems [29–31], carbon nanotubes [32,33] and
clays [34,35] but, to our knowledge, none that examine the adsorption
of chiral modifier molecules (or any other small organic molecule)
onto catalytically relevant metal nanoparticles. Here we report, for the
first time observed using STXM, the adsorption of tartaric acid onto Ni
Fig. 2. Schematic representation of one of themodels for themechanism of the interaction
between (R,R)-tartaric acid adsorbed at the catalyst surface and methylacetoacetate.
Adapted from reference [28].
nanoparticles; an investigation that will contribute to the understanding
of the mechanism of this important and topical enantioselective hetero-
geneous hydrogenation reaction.

2. Materials and methodology

Nickel chloride (anhydrous) (98%), hydrazine (N2H4.H2O) (98%),
sodium-hydroxide (≥99%), methyl 2-hydroxyethyl cellulose (98%),
(R,R)-tartaric acid (99%) and methyl acetoacetate (99%) were all
purchased from Sigma-Aldrich (UK) and were used without further
purification.

2.1. Nanoparticle synthesis

Ni nanoparticles were prepared by adding methyl 2-hydroxyethyl
cellulose (0.2 wt.%) to 1.2 M aqueous NiCl2 solution at 90 °C. NaOH so-
lution (20 wt.%) was added drop-wise until a pH of 11 was achieved.
From this point two different procedures were carried out depending
on the intended use of the resulting nanoparticles. A) For Ni catalysts
to be used for XRD analysis and high-pressure hydrogenation reactions:
6.2 M N2H4.H2O was added directly to the solution either with or with-
out simultaneous addition of sufficient α-Al2O3 to result in a 10% metal
loading. B) For Ni catalysts to be used for STXM analysis: Prior to the
addition of the 6.2 M N2H4.H2O (the reduction step) silicon nitride
windows were immersed into the reaction mixture until the reduction
of themetal salt was complete. Two types of windowwere used: either
‘clean’ Si3N4 window (Silson Ltd, UK) or Si3N4 windows that had previ-
ously beenmodifiedwith 10 nmof alumina applied from an aluminium
evaporator source located in a vacuum system with an O2 partial
pressure of ~1 × 10−6 mbar. The alumina coatedwindowswere further
heated in air for 12 h to ensure that the aluminium was fully oxidised
and also to relieve lattice strain that could damage the membrane,
the ‘clean’ windows were used without further treatment. Finally, the
product was washed with distilled water and ethanol several times to
remove impurities, and then dried at room temperature.

2.2. Nanoparticle modification with tartaric acid

Tartaric acid was adsorbed onto the samples, when required,
from aqueous solution. A single droplet of 0.5 M (R,R)-tartaric acid
(pH=1.8, T=298 K)was placed onto the samplewindow. The solution
was allowed to sit for 3 min and then the window was washed three
times in clean Milli-Q water before drying prior to insertion into the
vacuum chamber.

2.3. Powder X-ray diffraction

The phases present in the productswere identified from their powder
X-ray diffraction (PXRD) patterns, which were collected on a Bruker D8
diffractometer using Ni filtered Cu Kα radiation (λ= 1.540598 Å) oper-
ated at a voltage of 40 kV and a current of 30 mV. The measurements
were carried out with a step scan mode: step size = 0.02 (degrees 2θ),
time per step= 18.87 s, in the range of 50–140 degrees 2θ. The goniom-
eter was calibrated with a cubic α-quartz standard (ah = 5.4309 Å).
Corrections for systematic deviation in 2θwere applied.
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Fig. 4. Scanning transmission X-ray microspectroscopy image of Ni nanoparticles. Image
size = 1 × 1 μm, photon energy = 850 eV, step size = 10 nm. Red line indicates typical
line profile (line length = 1 μm) used for NEXAFS acquisition and covers both nanoparticle
and background region used for normalization.

110 D.J. Watson et al. / Surface Science 629 (2014) 108–113
2.4. X-ray microspectroscopy

NEXAFS microspectroscopy was performed at the PolLux beamline at
the Swiss Light Source, Paul Scherrer Institut, Villigen, Switzerland [36,
37]. The PolLux microscope operates in a transmission geometry with a
zone plate (outer zone width of 35 nm) used to focus monochromatic
X-rays from the beamline (bendingmagnet beamlinewithmonochroma-
tor and higher order suppressor [38]) onto the sample. Samples were
mounted in the sample chamber, which was evacuated to ~10−6 mbar
using a turbo pump. The sample is rastered with respect to the focused
X-ray beamusing an interferometer-controlled piezo stage. The transmit-
ted X-ray intensity through the sample was recorded using a scintillator
and photomultiplier tube and measured as a function of energy (depen-
dent on thematerial being examined, with a resolution of 0.1 eV) and po-
sition (with resolution better than 40 nm). An order sorting aperture
(OSA) is used to block zero order light that is not diffracted by the zone
plate and orders higher than the first order. Full NEXAFS spectra were
taken over selected linear regions of the sample with as short a dwell
time as practicable to minimize radiation damage. All NEXAFS spectra
presentedwere acquired in transmissionmode and are therefore bulk av-
eraged. In each case an individual baseline of an area of the same sample
not containing a nanoparticle was acquired simultaneously to allow
correction for beam intensity. STXM images were acquired at either
854.5 eV (nickel) or 285 eV (carbon) for maximum contrast.
3. Results and discussion

XRD was used to confirm the formation of pure Ni (rather than the
more thermodynamically favourable NiO) nanoparticles without the
need for further calcination/reduction steps. Fig. 3 compares the XRD
pattern of the produced Ni nanoparticles with that of commercially
available Ni powder (b100 nm) between 5 and 110 degrees 2θ. In
both samples one can observe characteristic peaks at 44.5, 51.8, 76.4,
92.9 and 98.3 degrees 2θ indicating the presence of pure nickel (111),
(200), (220), (311) and (222) phases, respectively, although the ratios
show small differences. Peak broadening observed in the XRD patterns
is indicative of a reduction of particle size [39,40]. With the presence of
pure nickel nanoparticles confirmed, sampleswere prepared as described
in the Materials and methodology section to be examined using STXM.

A representative 1 × 1 μmSTXM image of Ni nanoparticles deposited
on a clean Si3N4 window at a photon energy of 854.5 eV is shown in
Fig. 4. The image shows four nanoparticles of ~90–140 nm in diameter.
Fig. 3. X-ray diffractogram of: (A) Ni nanoparticles used in study, and (B) commercially
available Ni powder with a nominal size of b100 nm. Peak positions and FWHM values of
the two samples are comparable suggesting that the composition and mean particle sizes
were similar.
The exact size of the nanoparticles could only be determinedwithin the
resolution limits of the Fresnel zone plate (35 nm). This zone plate was
chosen to reduce the photon flux impinging on small areas of the sam-
ple during longer data acquisitions to avoid beam damage. The red line
shown in Fig. 4 indicates the trajectory of a typical line scan used for
NEXAFS acquisition. When selecting a line profile over which to scan
one should note that it should include data collected from the nanopar-
ticle and, importantly, also from the background of the sample. Informa-
tion from the background of the sample was used to normalize the
spectra for variations in X-ray beam intensity with photon energy and
time. The accuracy of the positioning system in the STXM endstation
on the PolLux beamline and also the distinct spatial configuration of
groups of nanoparticles meant that it was possible to return to the
same individual nanoparticle several times — even after the sample
plate had been removed from the analysis chamber and replaced at a
later time. This allowed us to examine exactly the same nanoparticle
under a number of different conditions and also to compare distinctly
different nanoparticles under the same conditions, the results of
which are now shown and discussed in detail.

Fig. 5 shows normalized Ni L2,3-edge NEXAFS from three different
nanoparticles (i–iii) and also, for comparison, from Raney Nickel (iv).
The three nanoparticles chosen covered a range of sizes from ~90 nm
(i) to ~170 nm (ii) and finally a larger nanoparticle of ~300 nm (iii) to
allowus to conduct a particle size effect study. RaneyNickel typically con-
sists of very large (tens of micrometres) but porous particles [41,42]. The
porosity of the particles is a result of the aluminium (which can contrib-
ute up to 50% of the mass of the catalyst when manufactured) being
leached from the solid in either a ‘pre-modification’ stage or under reac-
tion conditions [43,44]. Due to the fact that the STXM experiment is con-
ducted in a transmission mode, the typical larger Raney Nickel particles
could not be studied. Instead a crystallite of ~500 × 900 nmwas chosen.
This was deemed large enough to share the same bulk properties as the
severalmicrometre size particles. The dominant features of all the spectra
shown in Fig. 5 are the resonances at 853–854 eV and ~871 eV. These cor-
respond to the Ni L3 and L2 adsorption edges, respectively. For all but the
smallest of the nanoparticles themaxima of the L3 adsorption edge fall at
853.3 eV, in the case of the 90 nmparticle (spectrum (i)) themaximum is
shifted to higher photon energies by ~0.4 eV. There is also a marked dif-
ference in the shape of the 853.3 eV peak for the largest of the nanopar-
ticles (iii) and the Raney Nickel sample (iv) with an apparent high

image of Fig.�3
image of Fig.�4


Fig. 5. Ni L2,3-edge NEXAFS from: (i) ~90 nm Ni particle; (ii) ~170 nm Ni particle; (iii)
~300 nm Ni particle; and (iv) ~500 nm Raney Nickel particle.

Fig. 6. C K-edge NEXAFS of: (i) ‘as produced’ Ni nanoparticle showing lack of surface con-
tamination; (ii) tartaric acid adsorbed onto a clean Si3N4 window; (iii) tartaric acid
adsorbed onto a Ni nanoparticle deposited onto an alumina coated Si3N4 window; tartaric
acid adsorbed onto ~90 nm (iv), ~170 nm (v) and ~300 nm (vi) Ni nanoparticles deposited
onto a clean Si3N4 window.

Table 1
C K-edge NEXAFS resonance assignments [50–53].

Peak Energy/eV Assignment

A 285.2 C 1s → π*(C_C)

B 286.9 C 1s → π*(C_O)

C 288.7 C 1s → σ*(C\H)

D 294.5 C 1s → σ*(C\C)

E 301.1 C 1s → σ*(C\O)
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photon energy shoulder appearing at ~856 eV. Both the position and
the shape of the L3-edge of 3d metals are strongly reliant on the
empty 3d and 4sp states [45,46]. The full width–half maximum
(FWHM) of the nickel L3 adsorption edge for the pure, bulk metal is
2.3 eV. Senkovskiy et al. found that a Ni50Ti50 had a FWHM of 2.7 eV
and that the L3 adsorption edge was also shifted by 0.7 eV (from
852.7 eV to 853.4 eV) [47]. These findings correlate verywell to our cur-
rent work where the L3 adsorption edge for untreated Raney Nickel
(nominally a Ni1 − xAlx where 0.1 ≤ x ≤ 0.5) was found to be 853.3 eV.
This resonance also appears to have a larger FWHM than any of the corre-
sponding ‘pure’metal nanoparticles.

We postulate that the shift to higher photon energy of the L3 adsorp-
tion edge as seen in spectrum(i) for the ~90 nmparticle is a result of the
greater contribution to the particle of the surface oxide layer formed
under ambient conditions. It is not unlikely that a Ni catalyst would be
exposed to air unintentionally, even for the shortest period, before it is
modified for use in a catalytic reaction. As such, this spectra may be
of additional importance. The fact that a small shift is observed in the
L3- and L2-edges but that the spectra retains all of the characteristics
of the ‘clean’ nickel nanoparticles suggests that it would still perform
as desired catalytically. Indeed, Jones and Baddeley studied the adsorp-
tion of (R,R)-tartaric acid on oxidised Ni(111) surfaces using a combina-
tion of RAIRS and TPD and found that the thermal stability of the
adsorbed layer was actually enhanced on the oxidised surface. Further-
more they suggested that oxidised surfaces can facilitate etching from
the surface to expose a chiral array of Ni which may be capable of cata-
lytic enantioselectivity without the need for additional chiral modifiers
[48]. The concept of enantioselective etching was first introduced by
Attard et al. regarding the Pt-catalysed hydrogenation of methyl
pyruvate [14]. Additionally, as will be shown and discussed later,
oxidation of the nickel surface appears to have no effect on the state
in which the tartaric acid adsorbs.

Along with the features described in detail above, all spectra show
the expected separation between the L3 and L2 adsorption edges of
~17.2 eV and also a corresponding high photon energy satellite reso-
nance [49]— although this is less prominent for the L2 adsorption edge.

Fig. 6 shows C K-edge NEXAFS taken under different conditions
either before (i) or after (ii)–(vi) the adsorption of (R,R)-tartaric acid.
Notwithstanding spectra (i) and (iii) the spectra all show resonances
instantly recognizable as originating from small organic molecules con-
taining multiple order bonds. A summary of the assignments and asso-
ciated transitions is given in Table 1.
Fig. 6(i)–(iii) can be considered as ‘control’ samples, the results of
which put the later results into context. Fig. 6(i) shows NEXAFS spectra
of a nickel nanoparticle before the adsorption of any additional species.
It can be used in conjunction with the XRD pattern to confirm that the
nanoparticles were not only pure nickel, but also had clean surfaces
that were not contaminated with a cellulose residue from the synthesis
procedure (we cannot exclude the presence of a surface oxide layer,
though). This is an important but often overlooked detail when synthe-
sizing nanoparticles that will be used for catalysis — the nature and
cleanliness of the surface are paramount.

Fig. 6 (ii) represents the results of C K-edgeNEXAFS after the adsorp-
tion of tartaric acid from aqueous solution and subsequent washing
onto a completely clean (as received) Si3N4 window. For a molecule
such as tartaric acid which does not contain C_C bonding one would
not normally expect to see C 1s → π* resonances as low as 285 eV.
C_O resonances are typically only found in the range 286–288 eV [52,
53], whereas, peaks in the range 284–286 eV are typically indicative of
C_C bonding [50,51]. However, Fig. 6 (ii) shows a weak signal with
resonances at 285.2 eV and 286.9 eV and several smaller, ill-defined,
features between ~289 and 302 eV. The presence of the 285.2 eV peak
suggests that the tartaric acid molecule has undergone a chemical
change upon adsorption involving the formation of a C_C double
bond. There are two possible explanations for this transformation leading
to the appearance of a C 1s→π* resonance. First, a condensation reaction
whereby the C_C bond is formed between the two chiral centres leading
to the loss of H2O and ultimate loss of all chirality from the modifier
molecule. Second a keto-enol tautomerisation as shown in Fig. 7 which
represents an equilibrium between two constitutional isomers, the
keto- and enol-forms. In the latter case the chirality of just one of the
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Fig. 7. Keto-enol equilibrium showing the tautomeric forms of tartaric acid.
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chiral centres is lost due to sp2 hybridization. Evidence suggests that this
is the more likely explanation as tautomers such as this have been
observed previously under similar conditions. Ghoria et al. showed,
using STXM, that the keto-enol equilibrium constant of malonic acid (a
di-carboxylic acid that is structurally similar to tartaric acid) showed a
strong dependence on the relative humidity of the aerosol that deli-
quesced particles of the organic suspended in [54]. The higher the relative
humidity, the greater the amount of the enol form present — they
concluded that similar carboxylic acids may also exist in predominantly
enol forms. It is perhaps not unusual then that we might observe signifi-
cant tautomerism in the current studywhere the tartaric acid being stud-
ied was adsorbed onto the surface from an aqueous solution.

Despite the weak signal seen in Fig. 6 (ii) the resonances appear
at the expected photon energies (see Table 1 for full assignment of
resonances) and suggest that a very small amount of tartaric acid ad-
sorbs, in approximately equal amount of the keto- and enol-forms, on
the clean Si3N4 window. Importantly, this verifies our use of the back-
ground signal obtained from the extended line profile (as described
above) to normalize the signal from the nanoparticle, i.e. we are able
to eliminate any contribution, however small, to the spectra of tartaric
acid adsorbed on the clean window. As such we can be confident that
the C K-edge adsorptions shown later originate only from interactions
with the nanoparticle itself.

Of equal importance is the result of adsorbing tartaric acid onto nickel
nanoparticles deposited onto an alumina-coated window (~10 nm
thickness Al2O3) as shown in Fig. 6 (iii). Subtraction of the background
signal from the signal of the nanoparticle itself results in an almost flat
and featureless spectrum. This can only be a result of subtracting two
almost identical C K-edge NEXAFS signals and indicates that tartaric
acid adsorbs onto alumina and the nickel nanoparticle in a similar
mode, and to a similar extent. While this may not affect the overall
activity of the catalyst it does have important implications when
conducting studies to optimize the concentration of modifier (in this
case, tartaric acid) to metal surface area ratio.

Finally, we present C K-edge NEXAFS spectra of tartaric acid
adsorbed from aqueous solution onto nickel nanoparticles deposited
onto clean Si3N4 windows. As shown in 6 (ii) therewill be very little ad-
sorption onto the clean window and therefore any features observed
must originate from molecules adsorbed onto the nanoparticle surface.
Spectra 6 (iv)–(vi) are dominated by prominent resonances due to
C 1s → π* and C 1s → σ* transitions. All three spectra are very similar
and differ only in that they represent adsorption resonances of tartaric
acid adsorbed onto different sized particles; namely, the same ~90 nm
(iv), ~170 nm (v) and ~300 nm (vi) nanoparticles that were examined
in Fig. 5 (i–iii). In contrast to adsorption on the clean window (Fig. 6
(ii)), when adsorbed onto nickel nanoparticles the ratio of the
285.2 eV and 286.9 eV resonances in NEXAFS suggests that the tartaric
acid is predominantly in the enol form. The main difference between
the three spectra is the improvement in the ‘quality’ of the data (i.e. a re-
duction in signal-to-noise) that results from the ability to average the
signal over a larger number of points when collecting data from larger
nanoparticles. Accordingly, we have shown that the adsorption of
tartaric acid from aqueous solutions onto the three distinctly different
nanoparticles presented here is unaffected by particle size. This is per-
haps unsurprising due to the generally large size of the nanoparticles
used in the study. If the spatial resolution of the instrument would
allow investigation of nanoparticles in the 5–50 nm size range one
might expect to seemore pronounced differences caused by size effects
and reduced terrace widths resulting in disruption of the long-range
order of the adsorbed overlayer of chiral modifier molecules.

4. Conclusions

In summary we have shown that it is possible to use the excellent
spatial resolution of STXM to interrogate L2,3-edge resonances of indi-
vidual, catalytically relevant, metal nanoparticles. The NEXAFS and
XRD showed nanoparticle to consist of a pure nickel phase rather than
the more thermodynamically stable bulk nickel oxide. Furthermore,
the reproducibility and accuracy of the experiment allowed the same
nanoparticles to be located after the sample had been treated under
several different conditions. Differences in the shape and position of
the L3-edge resonance could also be used to infer information about
the electronic structure and surface state of the material.

It was also possible to observe directly the adsorption of a chiral
modifier, namely R,R-tartaric acid, onto a ‘real’ catalyst sample
consisting of nanoparticulate nickel. C K-edge spectra strongly suggest
that tartaric acid deposited from aqueous solutions undergoes a trans-
formation on the metal surface akin to an enolisation, evidenced by
the presence of strong C1s → π* resonances in the C_C region as well
as the expected π* resonances at C_O photon energies. Importantly,
there appears to be no “particle size effect” on the adsorption mode of
the tartaric acid in the particle size range ~90–~300 nm.
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