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ABSTRACT: It is well established that the inclusion of small atomic species such as boron (B) in powder metal catalysts can
subtly modify catalytic properties, and the associated changes in the metal lattice implies that the B atoms are located in the
interstitial sites. However, there is no compelling evidence for the occurrence of interstitial B atoms, and there is a concomi-
tant lack of detailed structural information describing the nature of this occupancy and its effects on the metal host. In this
work, we use an innovative combination of high-resolution !B magic-angle-spinning (MAS) and 105Pd static solid state NMR
nuclear magnetic resonance (NMR), synchrotron X-ray diffraction (SXRD), in-situ X-ray pair distribution function (XPDF),
scanning transmission electron microscopy-annular dark field imaging (STEM-ADF), electron ptychography and electron en-
ergy loss spectroscopy (EELS) to investigate the B atom positions, properties and structural modifications to the palladium
lattice of an industrial type interstitial boron doped palladium nanoparticle catalyst system (Pd-intB/C NPs). In this study we
report that upon B incorporation into the Pd lattice, the overall face centered cubic (FCC) lattice is maintained, however short
range disorder is introduced. The 195Pd static solid-state NMR illustrates how different types (and levels) of structural strain
and disorder are introduced in the nanoparticle history. These structural distortions can lead to the appearance of small
amounts of local hexagonal close packed (HCP) structured material in localized regions. The short range lattice tailoring of
the Pd framework to accommodate interstitial B dopants in the octahedral sites of the distorted FCC structure can be imaged
by electron ptychography. This study describes new toolsets that enables the characterization of industrial metal nanocata-
lysts across length scales from macro-analysis to micro-analysis, which gives important guidance to structure-activity rela-
tionship of the system.

INTRODUCTION

The introduction of dopants into metal framework catalysts
is known to modulate the electronic and structural proper-
ties, giving rise to accelerated conversion rates, increased
selectivities! and enhanced stabilities of some specific cata-
lytic reactions?. With regard to the site modification of the
host unit cell, doping strategies can be divided into substi-
tution and interstitial mechanisms. Substitution doping de-
scribes the replacement of an atom in the host unit cell by a
foreign species; for example, in a system such as BiO1xSx-
CuSe, some oxygen atoms in the host BiOCuSe framework
are replaced by sulphur3. Interstitial doping depicts small
foreign atoms of light elements taking residence at the in-
terstitial sites within the host metal unit cell.4#5Iron carbide
is a typical example of this phenomenon where the carbon
(C) atoms reside within the interstitial positions of the me-
tallic Fe framework.¢ Once inserted, these small atoms can

modify the geometry and electronic structure of the host
metals, which has a direct impact on its Fermi level and den-
sity of states, thus allowing the metal to be potentially tuned
for catalytic applications’. For catalysis scenarios, the main
advantage of the latter interstitial doping scheme is that the
lighter atoms incorporated into the metal atom framework
can exert electronic and structural modifications to the host
metal without direct involvement or interference to the sur-
face catalytic properties. It has been shown that the addition
of small atoms such as B or C to Fe or Co during synthesis
can enhance the catalytic activities and extend stability in
Fischer-Tropsch reactions28. Very recently, doping with B
atoms was shown to dramatically increase the average oxi-
dation state of copper metal hence achieving the highest re-
ported selectivity of electrocatalytic reduction of COz to
CzH4 at 70%°. However, many of the synthesis routes for in-



terstitial doping of industrial- type of metallic based nano-
particles (NPs) do not lead to homogeneously distributed
dopants in the metal lattice, rendering the characterization
of this phase difficult.

In order to correlate the structure-activity relationships of
the doped metal catalysts, an important task in characteri-
zation is to give local and global assessments of structural
changes using appropriate techniques. Traditionally, single
crystal diffraction has been utilized for these investigations
which provides average atomic positions within the catalyst
structure. However, single crystal models may not be a good
representation for industrial catalysts since these contain
not only structural and grain boundary defects, but also
non-uniform distribution of dopants across volume of the
NPs. It thus remains challenging to represent real industrial
catalysts with accurate models of their average and local-
ized solid state structures despite the developments of
some useful crystal growth techniques?©.

The conventional structural characterization of industrial
powder catalyst samples upon interstitial doping of metal
NPs relies on laboratory based X-ray powder diffraction
(XRD)5, X-ray photoelectron spectroscopy (XPS)!! and high
resolution transmission electron microscopy (HRTEM)!2
which can provide generic structural information, surface
composition and local structure. Although image contrast
quantification of the HRTEM images may in principle be ap-
plied to identify all types of atoms, in practice the low com-
positional dependence and additional contrast arising from
the non-uniform support of catalyst limits interpretability?3.
Recently, density function theory calculations (DFT)!* have
provided a very useful toolset to model the atomic positions
and electronic modifications on fundamental catalytic pro-
cesses. However, these conventional analytical techniques
and DFT calculations provide limited answers to key ques-
tions relevant to interstitial modification of light elements
in supported metal NPs. For example, how is the local mod-
ification influencing the nearby parent structure? Can we
visualize the interstitial dopant on the multicomponent pol-
ycrystalline industrial powder catalyst at the atomic level?

This study demonstrates that, in addition to conventional
techniques, an innovative combination of high resolution
11B solid state magic-angle-spinning nuclear magnetic reso-
nance spectroscopy (MAS NMR)!51617 and broadline 195Pd
solid state static NMR!8, synchrotron X-ray powder diffrac-
tion (SXRD)?9, aberration-corrected scanning transmission
electron microscopy-annular dark-field (STEM-ADF) imag-
ing?9, in-situ X-ray pair distribution function (XPDF)?21, elec-
tron energy loss spectroscopy (EELS)?2 and electron
ptychography?3 to characterize Pd-"B/C NPs system. This
industrial-type powder catalyst was chosen as a case study
for the investigation of Pd host unit cell structural modifica-
tion and B atom location. This catalyst sample has been
demonstrated to show premium activities in formic acid de-
composition?4, and selective hydrogenation of acetylene
and phenylalkyne?>2¢6. The role of the interstitial B is ex-
pected to downshift the d band centre of the Pd host system
due to the overlap of B (s, p) and Pd (d) orbital, allowing the
tuning of the chemical adsorption between metallic surface
and chemical species.

The structural model provided from the Rietveld refine-
ment of high quality SXRD was compared with the com-
bined results of XPDF and STEM-ADF imaging, eventually
converging upon a reliable unit cell model. Recently, XPDF
has proved powerful in structural determination of both
crystalline and amorphous materials at high precision27-39,
and it represents a valuable tool in this overall approach.
The developments in STEM-ADF imaging digital processing
allow scanning distortions to be alleviated or even fully cor-
rected3!. In addition, EELS allows analysis of local elemental
distributions in small selected areas, which can be com-
bined with electron ptychography to image the dopants.
The principle of electron ptychography is to use a highly
convergent electron beam to form a focused probe and then
to record the resultant diffraction patterns formed by trans-
mitted electrons in the far field32. The phase information can
be retrieved with regards to the interference of direct and
diffracted beams. More recently, developments in fast-pixe-
lated detectors and data processing have allowed to yield
simultaneous ADF and phase imaging for detection of both
light and heavy elemental species. So far, this technique has
been successfully applied to carbon nanotubes (CNTs)23 and
light elements in crystalline materials33.

In this study, we report evidence that doping B species into
industrially-relevant powdered Pd metal NP systems gener-
ates sub-surface B positions within the Pd metal framework
of the NP. This work presents the first ptychography meas-
urements having visualized the interstitial B atoms within
the distorted octahedral holes of the Pd FCC structural
framework; these observations have been correlated with
short range information on speciation and disorder pro-
vided by 11B solid state MAS NMR and 195Pd solid state NMR;
this technique is particularly suited to the observation of
the metal positions in catalytic systems34. In addition, these
metastable sub-surface B species could create severe dis-
tortion to the metal host subsequently producing minor
HCP phases. At elevated temperatures, these systems ex-
hibit thermal instability and decompose back to the host
metal lattice and surface B species. It is believed that this
study describes a new characterization toolset necessary
for the long range and short-range structural evaluation of
interstitial dopants in supported industrial metal nanocata-
lysts.

RESULTS AND DISCUSSION

Initial characterization of Pd-"B/C NPs. Pd-in'B/C was made
according to a previously reported synthetic strategy in-
volving the thermal decomposition of borane hydride THF
complex in the presence of Pd/C at 200 °C%¢. This method
produced relatively monodisperse Pd NPs with an average
size of 6.69 nm, as determined by ADF-STEM shown in Sup-
plementary Information Figure S1. The structural modifica-
tion to Pd lattice can be seen from powder X-ray diffraction
(PXRD) patterns shown in Figure 1a. As expected, the Pd/C
presents reflections that match the FCC structure of Pd
metal. Five diffraction peaks of Pd NPs are observed at 20 =
39.97°, 46.51°, 68.08°, 81.92° and 86.42° respectively, cor-
responding to the (111), (200), (220), (311) and (222) in-
dexes of the FCC structure. The subsequent PXRD character-
ization of Pd-"B/C showed that while similar data was ac-
quired, a close inspection reveals small but well defined



shifts of ~1 - 3° lower 26 in the diffraction peak positions.
The (111) diffraction peak shifts from 26 = 39.97°to 38.71°;
the (200) diffraction peak shifts from 26 = 46.51° to 44.99°;
the (220) diffractions peak shifts from 26 = 68.08° to 65.65°;
the (311) diffraction peak shifts from 26 = 81.92° to 79.06°
and the (222) diffraction peak shifts from 26 = 86.42° to
83.62°, giving rise to average expanded d-spacing (dii1=
2.33A;d200=2.014; d220=1.424; ds11=1.214; d222=1.16
A), compared with di11 = 2.25 &; d200 = 1.95 A; da2o =1.38 A;
ds11 = 1.17 A&; daz2 =1.12 A respectively for pure Pd metal
NPs. The afforded lattice parameter is now 4.04 A, thus rep-
resenting increase of ~3.9%. This systematic shift to lower
20 values are indicative of the expected lattice expansion of
the Pd-"B/C system when B is incorporated. Note that
larger degrees of lattice expansion are anticipated closer to
the surface of the supported Pd NPs due to the low temper-
ature synthesis used.
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Figure 1. Experimental evidence for the interstitial effect of
Pd-inB/C (a) Wide-angle PXRD patterns of Pd/C (red), Pd-
intB/C (yellow). The peaks labelled with dash lines corre-
sponding to Pd (111), (200), (220), (311) and (222), char-
acteristic of the Pd face-centred cubic (FCC) struc-
ture.35Shifting to lower angles in the case of Pd-B/C (or-
ange) indicates lattice expansion. (b) STEM-ADF image of a
Pd-intB/C NPs, orange: FCC region of [110], green: FCC re-
gion of [110] twinned with respect to the orange region:
blue: HCP region of [100].

Further verification of the successful incorporation of B at-
oms into interstitial sites of Pd is observed through the ab-
sence of the typical B-hydride desorption peak from tem-
perature programmed reduction (TPR) of the sample (Sup-
plementary information Figure S2). This peak arises at 75
°C when H atoms diffuse out from octahedral sites from sub-
surface region of Pd NPs after H2 dissociation and H migra-
tion at room temperature on the surface of Pd NPs in an Hz
atmosphere36. The lack of this -hydride peak indicates that
the interstitial lattice sites of Pd near the particle sub-sur-
face are already occupied by the B atoms due to the stronger
interaction, denying access to hydrogen atoms.

Although XRD shows that the bulk phase of supported Pd-
B NPs fits well with an expanded Pd FCC structure, the
STEM-ADF image (Figure 1b) obtained using multi-frame
acquisition and subsequent rigid and non-rigid registra-
tion37 highlights a selected region of a Pd-"tB NP where HCP
and FCC structures are distributed irregularly at the particle
edge region. This reveals that the presence of doping canre-
sult in a local phase transition of FCC to HCP to a small ex-
tent, presumably within the same particle due to the high
local lattice strain imposed by the B doping. This phenome-

non has also been observed by Kobayashi et. al, where ex-
cess dopant source was shown to result in the transfor-
mation of FCC to HCP38.

Pd-™B/C phase identification. In order to identify potential
phases in this sample and determine their lattice parame-
ters with confidence, high-resolution SXRD data (A =
0.97920 A) was employed (See supplementary information,
Figure S3 and Figure S4, Table S1 and Table S2 for details).
Le Bail fitting was performed in TOPAS Academic 5.03°. The
possible phases, (Pd/C, Pd-nB/C (FCC: Fm-3m) and Pd-
ntB/C (HCP: Pémm), were introduced sequentially. R-fac-
tors (Rwp / Rp / Rexp / X2) were used to gauge the quality of
fitting. With the progressive increase in the number of
structures, the R-factors were found decreasing, which in-
dicated that the use of Pd/C, Pd-mB/C (Fm-3m) and Pd-
intB/C (P6mm) was approaching to the real structure (Sup-
plementary Information Table. S1). This is in good agree-
ment with the STEM-ADF image (Figure 1b). The space
group of the FCC and HCP structure was Fm-3m and P6mm,
respectively. From the Le Bail fitting described, lattice pa-
rameters of a = b = ¢ = 3.99(1) A were obtained for the FCC
phase, an increase of 2.6% in comparison to that of Pure
Pd/C (3.890 A). The HCP unit cell lattice parameter was de-
termined to be a = 2.87(1) A and ¢ = 3.62(5) A respectively
(Supplementary Information Table. S2).

In-depth investigations of local structure distortions. Alt-
hough preliminary STEM-ADF images and SXRD data can
identify the presence of the small extent of the HCP phase
within a majority FCC phase, they are unable to give an esti-
mate of this phase composition ratio. Furthermore, the
other relevant refinement techniques are also not appropri-
ate due to peak boarding and an insufficient number of the
diffraction peaks measured from the powdered industrial
sample.
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Figure 2. Probe local structural distortion by using in-situ
XPDF and PDFgui. (a) XPDF analysis of Pd/C and Pd-inB/C at
room temperature provides data on Pd—Pd bond distance, af-
ter zoning up in the range of 2 to 6 A. (b) in-situ XPDF of Pd-
intB/C from room temperature to the elevated temperature, af-
ter zoning up at the range of 2 to 6 A. (c) The Pd-Pd lattice pa-
rameter and corresponding B occupancy in the octahedral sites
against temperature. (d) A typical fit - fitting range = 1.5 - 15
A.Rw = 12.5%; other fittings parameters can be found in the SL

The XPDF technique (utilizing a synchrotron source) was
used to elucidate a more detailed characterization of the Pd



structure with and without B present as an interstitial do-
pant. As seen in the G(r) of Pd/C (Figure 2a), a clear set of
FCC peaks can be seen, which fits the characteristic FCC
structure of Pd lattice. Notably, the second peak at around
3.9027(7) A can be assigned to the Pd FCC lattice (parame-
ter, a), which agrees well with the literature value*’. The
FCC structure pattern is also observed in the G(r) of Pd-
intB/C, with a lattice expansion (a = 3.9801 (7) A) when com-
pared to the pure Pd/C (which is coincident with the struc-
tural information of interstitial FCC phase retrieved by the
TOPAS refinement- see Supplementary information Table
S2). However, as XPDF directly measures the bulk lattice
structure of Pd, an indicative Pd HCP lattice peak cannot be
observed, thus suggesting that NPs are clearly dominated
by FCC phase, whereas HCP structure is only a minor com-
ponent. The thermal stability of Pd-"tB/C phases have also
been studied with in-situ heating in the XPDF (Figure 2b).
The lattice parameter, «, gradually decreases from
3.9801(7) A (at room temperature) to 3.9370(7) A (at 216
°C) (see the temperature-programmed G(r) analyses from
the in-situ XPDF measurement in Figure 2c). This suggests
that the expanded Pd FCC lattice returns to its initial value
presumably due to the thermally driven exclusion of the in-
terstitial B atoms from the Pd lattice.

Furthermore, the PDFgui software was used to probe the
presence of B atoms in the bulk Pd lattice. As all of the tem-
perature programmed G(r) XPDF data display a typical FCC
pattern (from room temperature to 216 °C), there are only
two possible sites where B could reside, namely the octahe-
dral sites (with the fractional atomic coordinates of (0, 0,
1/2) and the tetrahedral sites (with the fractional atomic
coordinates of (1/4, 1/4, 1/4)). According to the radius
ratio rules, the maximum limiting radius of the tetrahedral
sites is 67 pm which is too small for B (85 pm) to reside in
(See Supplementary Information, Figure S5 and section 7
for calculation). We, therefore, fitted our XPDF data using a
Pd FCC model with B in the octahedral sites (Figure 2d). The
refined atomic parameters data were listed in Table S3 of
the Supplementary Information. Note that the Rw factors fall
within the acceptable region 10-20%. From room tempera-
ture to 66 °C, the lattice parameter maintains at about
3.9801(7) A and the site occupancy of B in the octahedral
sites is about 5%. When the sample is further heated, both
the lattice parameter and B site occupancy begin to fall. The
refinement results show that the B site occupancy is almost
zero at 191 °C. The leaching out of B at such low tempera-
ture indicates that B is possibly only kinetically stable in the
interstitial octahedral sites at room temperature, but that
most of B leaves from the interstitial sites of the NPs pre-
sumably with sufficient kinetic energy to relax the strained
sites at elevated temperatures.

Solid State NMR analysis. The presence of B in the interstitial
octahedral sites is also confirmed by the high-resolution
solid-state NMR, which is a technique that is sensitive to dif-
ferences in short-range chemical environments.
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Figure 3. (a) 1B MAS NMR data of Pd-intB/C before acid wash-
ing, and (b) after acid washing, where the experimental spectra
are in black and the deconvolved simulations are in red (simu-
lation total) and blue (individual components). (c) the fitted 11B
saturation recovery T1 relaxation measurements for the two
resolved resonances at 12.6 ppm (solid circles) and 0.7 ppm
(hollow circles), where single exponential and bi-exponential
fits are represented by red and blue lines, respectively, and the
residual sum of squares of each fit is given. (d) variable recycle
delay 11B MAS NMR experiment on the Pd-intB/C system after
the acid washing treatment showing the predominance of the
fast-relaxing component in these data. (e) 195Pd VOCS static
NMR comparing Pd-inB/C to Pd metal, PVP stabilised nanopar-
ticles and the Pd/C precursor labelled with their respective
particle size distributions.

High resolution 11B MAS NMR can resolve and differentiate
closely related B species within the Pd NP matrix with char-
acteristic chemical shifts () and spin-lattice (T1) relaxation



parameters. The 1B MAS NMR data in Figure 3 of Pd-B/C
before acid washing (Figure 3a), and after acid washing
(Figure 3b), where the experimental spectra are in black
and the deconvolved simulations are in red. They show res-
onances centered at 12.6 ppm and 0.7 ppm. Correlated with
previous characteristic measurements, it is presumed that
one of the resonances represents the interstitial B species
and the other can be attributed to surface B contaminants.

To identify which resonance corresponds to the interstitial
B, T: relaxation measurements were performed using the
saturation recovery method*!. Single-exponential, bi-expo-
nential and stretched-exponential (not shown but listed in
Table S4) fits were attempted on the T: data shown in Fig-
ure 3c, and the residual sum of squares (RSS) for each fit has
been provided as a measure of the discrepancy between the
model and the data*2. The 1B MAS NMR spectrum in Figure
3a was initially deconvolved into the two resonances and
the relaxation measurements are listed in Supplementary
Information Table S4. The relaxation data of the resonance
centered at 0.7 ppm is adequately simulated by a single ex-
ponential yielding a T1 of 0.64 + 0.04 s (low RSS 0f 0.049). In
contrast, a bi-exponential function with T1' of 0.848 + 0.007
s and T1" of 0.003 £ 0.009 s provides a superior fit for the
relaxation behaviour of the second resonance centered at
12.6 ppm. The necessity of a bi-exponential fit reveals that
the 12.6 ppm resonance actually represents two independ-
ent components from two different chemical environments
in this powder sample. It is thus postulated that three sepa-
rate B environments exist in the Pd-"B/C system which
contribute to the observed B MAS NMR spectrum. Two
components have similar relaxation rates (71 = 1 s) whereas
the third component relaxes much more rapidly (71 < 0.01
s).

Furthermore, it is proposed that the fast-relaxing compo-
nent of the 12.6 ppm is the bulky interstitial B species (Ta-
ble S5), as B positions inside the Pd metal lattice will be in-
fluenced by the conduction band electrons above the Fermi
level which will subsequently induce very fast T1 relaxation
(see Figure 3c)*3. This contrasts with the B species located
on the Pd/C surface (represented by the 0.7 ppm reso-
nance), where the loss of translational symmetry induces
disruption to the density of states of the electronic conduc-
tion band, therefore reducing the efficiency of metallic re-
laxation. The slow relaxing component of the 12.6 ppm res-
onance is attributed to sub-surface B species which experi-
ence a similar shift to the bulk B species, but the disruption
in symmetry to the next-nearest-neighbor positions in-
duces a similar perturbations to the density of states
thereby resulting in less efficient metallic relaxation. Due to
the electronic contact experienced by B in bulk and subsur-
face interstitial positions within the Pd metal structure, it is
anticipated that the 12.6 ppm shift is representative of a
small 11B metallic Knight shift. Small 1B Knight shifts in var-
ious metallic environments have been previously reported
with a measured shift of 12.6 ppm from this system falling
within the literature reported range*.

Previous solid-state NMR studies have demonstrated that
a single environment which exhibits a strong quadrupole
interaction can yield a bi-exponential relaxation profile*>.
To investigate the plausibility of this scenario, and to sub-
stantiate the assignments reported above, an 1B MAS NMR

study of an acid-washed Pd-nB/C system was undertaken.
Itis expected that dilute HCl wash should reduce the surface
and sub-surface B components, leaving the bulk B intersti-
tial component intact. However, the dilute acid washing has
greatly reduced the intensity of all 1B MAS NMR reso-
nances, therefore demonstrating an effect on the surface,
sub-surface and the bulk interstitial B speciation. As ob-
served in the Figure 3b, the overall intensity of the acid
washed data has been greatly reduced so that ~60 times the
number of transients is required to achieve a comparable
S/N ratio to that of the unwashed (original) Pd-"B/C sys-
tem. At these reduced S/N levels a full T1 experimental anal-
ysis of the relaxation characteristics of the acid-washed Pd-
intB/C system is not feasible; however, an abbreviated ver-
sion allowing an estimation of the T1 values can be achieved.
As exhibited in Figure 3d, the relaxation rate can be pro-
jected by varying the recycle delay of a multi-transient sin-
gle pulse experiment and observing S/N (and relative spe-
ciation concentration) changes. If the recycle delay is less
than five times the characteristic T1 of the acid washed Pd-
intB /C, then saturation effects will occur reducing the S/N of
the data (and possibly changing the relative intensities of
the measured resonances). The results of Figure 3d show
that for the 12.6 ppm resonance increasing the recycle delay
from 0.1 supto 5 s does not induce any change to the overall
S/N suggesting that the T: of this resonance must be < 0.02
s. This result confirms the existence of a fast-relaxing com-
ponent within the 12.6 ppm resonance of the unwashed Pd-
intB /C system, corroborating the necessity for a bi-exponen-
tial fit for the relaxation profile of this resonance. Further-
more, as the fast-relaxing component in this sample is not
completely removed by the dilute HCI acid wash (con-
versely the slower sub-surface relaxing component is
mostly removed), this fast-relaxing component is confi-
dently attributed to the octahedral interstitial site within
the bulk Pd metal framework.

Recent reports have shown that 105Pd solid state NMR can
be a sensitive probe of very small deviations from FCC struc-
tural symmetry in Pd metal systems!8. Hence, the newly re-
ported 195Pd VOCS static NMR methodology was applied to
the Pd-"B/C system and its undoped Pd/C precursor, to in-
vestigate the local distortion of the Pd lattice induced by in-
terstitial B. To aid in the acquisition of 1°5Pd NMR, Pd-intB/C
was synthesized from a Pd/C precursor with 45 wt% load-
ing (see SI). These higher loaded samples exhibited particle
sizes of 13 + 9 nm, as determined by TEM. Figure 3e shows
the 105Pd static NMR data of the Pd-i"B/C and Pd/C systems
directly compared to two previously established Pd metal
systems (44-149 pm sized Pd metal particles and monodis-
perse 16 * 3 nm sized poly(N-vinyl-2-pyrrolidone) (PVP)
stabilized Pd NPs)!8. The micron sized Pd metal particles are
characterised by a well-defined resonance at a Knight shift
(Ktwt) of-32,050 + 60 ppm; however, industrially relevant
Pd NP systems such as PVP stabilized Pd and Pd/C of similar
dimensions exhibit two markedly different characteris-
tics*6. Firstly, the centre-of-gravity K shift of these reso-
nances has shifted downfield to a ‘less metallic’/reduced
Knight shifted environment; and secondly, the resonance
linewidth is ~50 times broader. The very large 195Pd quad-
rupole moment (Q) of the renders the quadrupole interac-
tion at each Pd position to be a very sensitive probe of struc-
tural distortion and deviation from rigid FCC symmetry.



There is an estimated ~350,000 - 400,000 atoms in cubo-
octahedral arrangements of Pd-"B/C and Pd/C NPs of these
reported dimensions, and it is evident that in both cases the
whole nanoparticle is slightly perturbed from pure FCC
symmetry due to the high surface-to-bulk atomic ratio. Alt-
hough diffraction provides a longer range (periodic) aver-
age structure that suggests FCC symmetry is maintained,
the short-range information from 195Pd NMR suggests that
particle size effects induce strain and disorder that intro-
duces short range departure from this symmetry. In both
systems there is no evidence of any strictly ordered FCC
metal component represented by the narrow Kot -32,050
+ 60 ppm resonance. From Figure 3d it can be observed that
the incorporation of B into the Pd/C system (yielding Pd-
intB) has a more marked effect on the 1°5Pd static NMR spec-
trum. In addition to high surface area-to-bulk phenomenon
for the particle size perturbing the Pd positions, the addi-
tional disorder generated by interstitial incorporation of
the B increases the disorder broadening of the 105Pd reso-
nance to the extent where it cannot be observed (see the
bottom of Figure 3e). This inability to observe the 195Pd sig-
nal upon B incorporation provides further confirmation of
successful interstitial modification. If the B remained only
on the surface of the Pd/C nanoparticles, then the NMR
spectrum would resemble that of the Pd/C precursor.

To this point, the combined suite of characteristic tech-
niques has demonstrated that the proposed crystal struc-
ture for Pd-"B/C NPs exhibits overall FCC character, how-
ever the irregular B incorporation in the octahedral inter-
stitial sites introduces short range disorder which is addi-
tional to that induced by particle size phenomena.

Local information analysis.
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Figure 4. EELS analysis of a Pd-"B/C sample. (a) A typical
EELS spectrum image recorded from a Pd-B NP. The three
edges at 188 eV, 284 eV and 335 eV correspond to the liter-
ature values of B-K, C-K and Pd-Ma;s edges respectively. (b)
and (e) show STEM images of Pd-"B NPs. Elemental maps
of the Pd-"B/C NPs are shown in (c), (d), (f) and (g), where
the Pd-Mysis labelled in blue and the B-K edge is labelled in
red, respectively. The elemental distribution from the B-

edge in (d) differs from that in (g), indicating that the doping
source distributes unevenly for various NPs.

Despite the high resolution of 1B solid NMR, which con-
firmed the presence of interstitial B, it was also found that
Pd-tB/C NPs contain surface B species. In order to conduct
a more local analysis of the elemental composition, STEM
imaging was carried out in combination with EELS. In
STEM-EELS, a high energy electron beam bombards with
the specimen, and the energy lost by the inelastic scattered
electrons, also called ionization edge, is used to characterize
the elements present in the specimen. In particular, the fine
structure of the ionization edge reveals chemical bonding
and the oxidation state of the local environment.

A typical EELS spectrum and STEM image recorded while
scanning the beam over one particle are shown in Figure 4a
and Figure 4b. Further higher resolution STEM image and
local elemental analysis of the particle are also shown in
Figures 4c-g. The three main edges at 188 eV, 284 eV and
335 eV coincide with literature values reported for the B-K
edge?’, the C-K edge*8 and the Pd-M4s edge* respectively.
No evidence of oxygen was detected which would be mani-
fested in an additional signal at 532 eV>0. Furthermore,
peaks at 195 eV and 202.5 eV, which correspond to features
of B203 were not displayed.5! This demonstrates that locally
NPs do not suffer from B surface contamination and that
they are air stable at room temperature. The EELS ele-
mental mapping from different NPs also showed that B dop-
ing does not distribute uniformly over the volume of the
NPs, likely due to the low temperature deposition (Figure
4c, d, f, g and supplementary information). In addition,
STEM-EELS can provide local elemental analysis of individ-
ual NPs via spectra quantification. According to this analy-
sis, as depicted in the Supplementary Information Table S7,
the average Pd: B atomic composition ratio was approxi-
mately 1:0.2, similarly to that of the FCC Pdos2Bo.1s phases2.
The corresponding B site occupancy was therefore taken as
0.2.

Ptychography insight into the nanostructure using the Wig-
ner distribution deconvolution method. Being a phase imag-
ing technique, ptychography is highly sensitive to light ele-
ments, such as B, and is therefore applicable to this system.
This is clearly shown in supplementary information, Table
S6 and Table S7 that the ptychographic phase was calcu-
lated for a range of typical NPs thicknesses and dopant oc-
cupancy. In practice, the highly defective nature of the na-
noparticles may hinder contrast interpretation and the di-
rect image of B in the ptychographic phase. When crystal
defects lie on planes that are parallel to the viewing direc-
tion, their presence is obvious. When inclined to the viewing
direction the projected lattice will give rise to atomic-col-
umn peaks from atoms of the host Pd lattice between those
from the FCC structure of a single crystal because the lattice
is no longer view on a single projection vector. A series of
atomic twins, extrinsic and intrinsic faults models along
parallel Pd {110} planes that are inclined relative to the
electron beam were constructed to identify the locations
where addition peaks may rise. As shown in the Supplemen-
tary Information, from Figures S6 to S10, these atomic mod-
els did not show atomic occupancy at the observed octahe-
dral site columns, but gave peaks closer to the tetrahedral
interstitial sites. The presence of the crystallographic faults



and the additional peaks arise at positions that would cor-
respond to the tetrahedral interstitial sites.

Figure 5a, shows a typical STEM-ADF image obtained from
a less defect NP. Because of the strong atomic number de-
pendence of STEM-ADF (Zpa = 46, Zc = 6 and Zg = 5), only Pd
atoms are clearly seen as bright spots in the image, with sev-
eral twinning planes visible (Figure 5b). To analyze the ADF
contrast quantitatively with composition, a comparison
with image calculations was conducted at the local concen-
tration obtained by STEM-EELS. Simulated ADF images of
Pd and Pd-nB/C are indistinguishable (Images are dis-
played in the Supplementary Information Figure S11 for a
range of different crystal thicknesses).

Figure 5. Simultaneously acquired Z-contrast STEM-ADF
and ptychographic phase images of a Pd-intB/C NP oriented
in the [110] zone axis. (a) Z-contrast STEM-ADF image of a
Pd-intB/C NP. (b) inset from (a) shows an enlarged area of
the NP. (c) Ptychographic phase image reconstructed using
a Wigner Distribution Deconvolution (WDD) method after
aberration correction®. (d) inset from (c) shows an en-
larged area of the NP. The enlarged image shows some
peaks visible between the Pd columns, which can be super-
imposed to the model predicted by XPDF.

At this concentration, the phase image should however pro-
vide a clear evidence for B contrast (see calculations in Fig-
ure S12). Restored ptychographic phase images are shown
in Figure. 5c. Unlike the ADF Figure 5b, the ptychographic
phase image after aberration correction (Figure 5c) clearly
shows some peaks in interstitial octahedral sites between
Pd atoms. If the projected Pd-B structure (see supplemen-
tary information Figure S5) is superimposed to enlarged
image in Figures 5d, a good match is found at the octahedral
sites. Combined with the data from the quantitative chemi-
cal techniques, the ptychography images can be explained
by locations where a sufficiently high number of octahedral
sites are filled by B to give a peak in the phase image (Figure
S$13). Further evidence for B is shown in additional dataset
in supplementary information Figure S14.

CONCLUSION

Supported metal particle of different sizes/shapes/defects
modified by light interstitial atoms is commonly happened
to industrial catalysts (small contaminants such as hydro-
gen, carbon or boron atoms can migrate into metal deliber-
ately or non-deliberately to modify their catalytic proper-
ties at high calcination during synthesis. Such modification
can affect the local structure at both short range and long
range of the particles but unfortunately the interstitial ef-
fect is not evenly distributed throughout the metal particle.
In summary, we have introduced a novel combination of
high-resolution techniques beyond traditional characteri-
zation tools, which allow state-of-the-art assessment of
macro and local structural changes when light elements as
small as B atoms are unevenly doped in the sub-surface in-
terstitial sites of supported noble metal NPs in industrial
type powder catalysts. The multi-macroscopic analyses pro-
vide elemental distributions, crystal structures and estab-
lish general crystal models but local microanalyses can give
local structural changes such as distorted sites, defective re-
gions and local phase transformations, etc. Such broad
range of analyses open a door for in-depth investigation of
light element doped catalyst systems which give more rele-
vant information to correlate their catalytic performance
and guide further synthesis. Thus, a specific Pd-"B/C NPs
catalyst is hereby characterized from macro to microscale.
Based on the characterization of multi-quantitative tech-
niques, the atomic columns visualized by the fast pixelated
ptychography technique could be ascribed to boron, which
can create considerable local expansion to the metal lattice
giving local lattice strain and phase transformation within a
single Pd particle. Our future work will target to distinguish
the atomic columns precisely within interior of metal
framework, combined with atomic scale spectroscopic tech-
nique.
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