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ABSTRACT: We report the discovery of unintentional phosphorus (P) doping when
tri-n-octylphosphine (TOP) ligands are used in Ni nanoparticle synthesis, which is the
most common method for monodisperse Ni nanoparticle synthesis. The nanoparticles P
appear pure face-centered cubic (fcc) Ni in X-ray diffraction despite the surprisingly
high level (S atomic %) of P. We find that the P doping follows a direct relationship P
with increased reaction time and temperature and that the P doping can be estimated
with the degree of lattice expansion shown from a peak shift in the XRD spectrum.
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Unintended Phosphorus Doping

Through EXAFS modeling and density-functional (DFT) calculations of defect

formation energies we find that the P atoms are preferentially located on the fcc lattice as substitutional dopants with
oxidation state of zero. Magnetic and catalytic properties are shown to be greatly affected by this doping; DFT calculations show
magnetization losses in the Ni system, as well as in Fe and Co systems. These findings are likely relevant for other metal

syntheses that employ phosphine ligands.
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F or nearly two decades the backbone of colloidal nano-
particle synthesis has been the organic molecules that serve
as both surfactants and solvents for the nanoparticles and
precursors.' ™ The common ligands and solvents used are
bulky hydrocarbon molecules, such as oleic acid, tri-n-
octylphosphine oxide (TOPO), tri-n-octylphosphine (TOP),
and phosphonic acids. These coordinating molecules play a
crucial role in controlling the size and morphology of the
nanoparticles, stabilizing the nanoparticles, and solvating the
precursors.”®> These reagents had generally been considered
pure and were believed to play only a supporting role in the
synthesis. However, recent papers have provided a more
complex story,® such as elucidating the role of impurities”* and
coordination groups,” and even identifying the unexpected
reactiveness of TOPO being used as a phosphorus source.'® In
this work, we find that a commonly used surfactant in Ni
nanoparticle synthesis, TOP, can act as a P source during
synthesis, leading to unintended P doping.

Nickel nanostructures are of increasing interest for their
novel magnetic and catalytic properties. Nickel nanoparticles
have been shown to decrease the activation energy of hydrogen
desorption by surface activation, enhancing catalytic activity."'
They have also demonstrated functionality as catalysts for the
decomposition of hydrazine'> and hydrogenation reactions'*'*
and enhance the hydrogen storage capacity of carbon
nanotubes by up to three times."*™"® In recent years, organic-
phase synthesis of Ni nanoparticles using TOP as a
surfactant'®~>* has resulted in better control of particle size
and morphology. This is an important achievement because
catalytic activity has been shown to increase in liquid phase
dehydrogenation reactions with smaller particles’ and
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magnetic properties of Ni nanoparticles are highly dependent
on particle size.”® For instance, Carenco et al. performed a
specific study of Ni nanoparticle synthesis using TOP as a
surfactant.”” They determined that TOP was crucial to achieve
monodisperse Ni nanoparticles in comparison to other
methods and report the synthesis of monodisperse Ni
nanoparticles with a tunable size range from 2 to 30 nm. On
the basis of X-ray diffraction (XRD), all previous studies
characterized their Ni nanoparticles as pure face-centered cubic
(fec) Ni 192172427

In our study, we have synthesized Ni nanoparticles following
similar procedures involving TOP and have found that the
composition is not pure Ni. In particular, we discover that the
Ni particles, despite their characterization as pure fcc Ni based
on XRD, contain a significant amount of phosphorus. The
excess P content has property implications not previously
realized, especially with respect to magnetism and catalysis. We
determine by density functional calculations that magnetic
properties dramatically decrease with increasing P content.
Catalytic behavior should also be affected: we find that there
are some significant differences in the electronic density of
states (DOS) near the Fermi energy with P doping. Equally
surprising is the location and charge of the P atoms in the
lattice: a majority of P atoms sit substitutionally on the fcc
lattice sites and were found through calculations to be charge
neutral (P°).
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Although techniques that enable the structural character-
ization of bulk material have been well-developed, the
dominance of surface facets, small size, and poor crystalline
order makes characterization of nanoparticles difficult. X-ray
absorption spectroscopy (XAS) is a powerful method to study
local atomic arrangements and has been used to resolve the
structure of colloidal nanocrystals.”®>* With the use of high
energy, white-light synchrotron radiation, sensitive XAS spectra
can be obtained and used to gain insight into materials’
structural properties.*®’ Using both the lower-energy X-ray
absorption near edge structure (XANES) portion of the
spectrum to resolve electronic and geometric structure, and
the higher-energy quasi-periodic EXAFS (extended X-ray
absorption fine structure) modulations to resolve radial
structure, the structure of both XRD-detectable and XRD-
amorphous materials can be determined in fine detail.*®

XAS in combination with other characterization methods,
such as XRD, density-functional theory (DFT), inductively
coupled plasma (ICP), transmission electron microscopy
(TEM), and superconducting quantum interference device
(SQUID) measurements, allows for resolution of composition,
structure, and property relationships in complex nanomaterials.
EXAFS and XRD complement each other by providing insight
into short-range and long-range order, respectively. DFT
enables calculation of formation energies to determine
lowest-energy compositional configurations and charge analysis
for dopant atoms.””*® TEM provides morphological and size-
distribution insight, ICP provides the atomic composition, and
SQUID enables the study of magnetic properties. Thus a
complete picture of the nanoparticle structural properties can
be obtained through cooperative use of these methods.

In this investigation, we (1) report a surprisingly high
amount of P present in the fcc Ni nanoparticles that results
from routine synthesis and show that the P doping in the fcc Ni
nanoparticles increases as a function of reaction time and
temperature, (2) present the structural attributes (interatomic
distances, distortion, coordination, and composition) of the Ni
nanoparticles resulting from the P atom doping, (3)
demonstrate the feasibility of significant phosphorus stability
within an fcc Ni lattice without significant lattice distortion, (4)
reveal the effects of excess P content on the magnetic and
catalytic properties, and the stability of both amorphous and
crystalline phases that comprise transition metal nanoparticles,
(S) compare the long-range structural characterization by XRD
with the radial structure information obtained from EXAFS
analysis, and (6) propose a method to determine the P content
of the nanoparticles based as a function of XRD peak position.
Because of the intimate connection between nanoscale
structural attributes and their resulting properties, control
over nanoparticle structure and doping will enable the tailoring
of their properties for magnetic and catalytic applications.

We briefly describe the synthesis conditions for the
nanoparticles. Complete descriptions of all characterization
and analysis methods can be found in the Supporting
Information. Synthesis of the Ni nanoparticle samples was
based on thermal decomposition of a Ni-TOP complex as
outlined by Muthuswamy et al.>! Under air-free conditions,
1.17 g (4 mmol) of nickel acetylacetonate (Ni(acac),) and 4.48
mmol of TOP were mixed into a flask containing 10 mL of
octyl ether (solvent) and 4 mL of oleylamine (surfactant). The
solution was heated to 230 °C and the particles were allowed to
grow for 1 h. After the reaction, the nanoparticle products were
isolated by centrifugation with excess ethanol.
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Our Ni nanoparticle recipe falls within the range of
conditions previously reported for pure-phase Ni.'**"?**?7
Methods from the literature for the synthesis of Ni nano-
particles using this same synthetic method use TOP/Ni(acac),
ratios from 0.8 to 3, temperatures ranging from 200 to 240 °C,
and oleylamine/Ni(acac), ratios from 3 to 10."**“***” Thus,
our results in which we find surprisingly high P concentrations
in the Ni nanoparticles should be applicable to these previous
works.

TEM images show that the Ni particles are monodisperse,
which is in agreement with previous studies that use TOP as a
surfactant (Figure 1a).”” The Ni nanoparticles (22.2 nm, std.
dev. 8.9%) have a quasi-spherical morphology. High-resolution
TEM (HRTEM) results of these particles show them to be
polycrystalline (Figure 1b) and XRD results show that each of
the Ni nanoparticle peaks matches well with the fcc Ni
structure (Figure 1c). The slight contrast on the surface of the
nanoparticle sample in Figure 1b is likely due to surface
oxidation during the oxygen plasma cleaning procedure (see
Supporting Information for method). Prior to plasma cleaning,
the nanoparticles have no contributions from nickel phosphide
or nickel oxide detected by XRD. From the Scherrer equation,
the grain size in these Ni particles is about 5.5 nm, indicating
that the Ni particles are polycrystalline, each consisting of
several grains, which is consistent with our HRTEM images.

The Ni nanoparticle sample and Ni foil XAS spectra (Figure
2a) share similar features especially within the lower energy
XANES region, and therefore exhibit similar electronic
structure. The K-edge in both samples is 8334 eV, a value
associated with the 1s—3d atomic line.*"** Although the spectra
for the Ni nanoparticles and the Ni foil show similar features
throughout the near-edge and EXAFS regime, there is a
noticeable reduction in the Ni nanoparticle sample’s EXAFS
oscillation amplitude. Also, the Ni nanoparticle spectrum
features a white line peak and EXAFS oscillations that are
broadened compared to the sharp features in the Ni foil
spectrum.

The shape and phase of both the k-space and R-space XAS
spectra are very similar for the Ni nanoparticles and Ni foil
(Figure 2b,c). Both samples show significant contributions
beyond the first coordination shell, observable in the R-space
spectrum (Figure 2c). This display of long-range order is
characteristic of a crystalline structure.*® The spectral intensity
amplitudes of the Ni nanoparticles, however, are considerably
reduced compared to bulk. There is a known amplitude
reduction associated with nanoscale effects.**** Theory predicts
an intensity reduction of about 8% due to nanoscale effects for
our 5.5 nm grains.** Experimental reports in related material
systems have seen intensity reductions as large as 25% in k-
space and 20% in R-space for 6 nm NiO nanocrystals.”> Our
crystal domains at 5.5 nm should show comparable intensity
reductions to these works but we find much larger reductions of
~41% in both k- and R-space.

The amplitude reduction can be explained by P content. In
bulk Ni a reduction in k- and R-space intensity was previously
observed when P was introduced into the lattice.* With 8
atomic % P, the reduction was about 20%, and at 10 atomic % P
the reduction increased to 47%.*' In both cases, the lattice
retained the fcc structure despite this high level of P content. It
is likely that the intensity reductions in our nanoparticle system
result from a combination of nanoscale effects and P doping

(discussed below).
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Figure 1. TEM images and XRD spectrum of Ni nanoparticles. (a)
TEM images show monodisperse Ni nanoparticles with quasi-spherical
morphology. (b) HRTEM image reveals that the Ni nanoparticles are
polycrystalline and that they are not core—shell structures. The white
lines in the particle present nickel (201) lattice planes indicating
multigrains within the nanoparticle. (c) XRD spectrum shows
crystalline fcc Ni (red bars correspond to JCPDS 65-2865.).

Through the EXAFS fitting process we found that it was
impossible to resolve the Ni sample with a model that included
only a pure, well-ordered fcc Ni crystal structure (see
Supporting Information Figure S2a). Degeneracy values reveal
that pure fcc Ni alone does not provide an accurate model,
despite XRD results, which suggest a pure-phase fcc structure.
Using only fcc pathways in the fitting model for the first shell
the degeneracy of the model is only 74% that of bulk, meaning
that 26% of the Ni—Ni pathway degeneracies are missing (see
Supporting Information Table S1). This degeneracy reduction
is unphysical for fcc Ni and cannot be ascribed to nanosize
effects: using the method proposed by Calvin et al. to estimate
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Figure 2. Ni nanoparticles XAS data and EXAFS fitting model. (a)
The spectra of the Ni foil (red) and Ni nanoparticles (blue) are shown.
Observable broadening is noticeable in the Ni nanoparticle spectrum.
(b) Plots of the Ni foil and nanoparticle sample spectra in k-space. The
shapes of the curves are similar but there is a reduction in amplitude
between the Ni foil and Ni nanoparticle sample. (c) Nonphase shifted
R-space spectra. A high degree of crystallinity is noticeable in the Ni
foil and Ni nanoparticle samples, despite significant reduction in the
Ni nanoparticle sample peak heights. (d) The theoretical fitting model
using fcc Ni and substitutional P is shown in R-space and k-space
(inset). The fitting results (green) are well-matched to the
experimental spectra (blue).

reduction in coordination number due to nanoscale effects, the
degeneracy value in our 5.5 nm crystal domains should be 92%
of the accepted bulk degeneracy value.*® Thus the 74%
obtained using pure fcc Ni is far too low of a contribution to be
accounted for by nanoscale effects, even when the typical 10%
error in the coordination numbers determined by the fitting is
considered.****” Additional structural contributions must
therefore exist.

Surface oxidation also does not account for the missing
structural contributions. In our previous studies of the Co—P
nanoparticle system, additional contributions to the e-Co
structure were attributed to surface oxidation.” However, using
a combination of Ni fcc and NiO pathways, the fit was also
poor (Supporting Information Figure S2b). Much larger
degeneracy values were obtained for the second shell than for
the first shell for all permutations of the model fit (Supporting
Information Table S2), which is unreasonable since the
degeneracy values should remain constant or decrease for
higher order shells.*

A reasonable model was found using a combination of fcc Ni
and Ni,P pathways (see Supporting Information Figure S3,
Table S3). Using this combination the fcc pathways became
well-ordered, but there was extreme distortion observed in the
Ni,P fitting and atomic positions, particularly for higher shells
of Ni,P. This suggests that the positions of the P atoms do not
correspond closely to those in the Ni,P structure. We examined
the radial distances (see Supporting Information Table S4) and
realized that a majority (63%) of the Ni—P pathways was within
a distance of 3.6% from substitutional fcc positions, and a
smaller percentage (17%) corresponded to octahedral inter-
stitial site distances. Using this knowledge we proposed that the
P atoms were located primarily on substitutional sites and
created a new EXAFS model based on this assumption.
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To achieve the best-fit model for the Ni nanoparticle sample
we used single and multiple scattering pathways from a
combination of fcc Ni and an artificially created fcc lattice built
with three Ni atoms and one P atom substituted on the fourth
Ni fcc site (e.g, fcc Ni;P, see Figure 3 and Supporting
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Figure 3. Deviation of interatomic distance from reference Ni
pathways. Red bars correspond to well-ordered Ni—Ni pathways
from the fcc Ni phase, blue bars correspond to Ni—Ni pathways in the
Ni;P fcc model, and green bars correspond to Ni—P pathways in the
Ni;P fcc model. Deviations in interatomic distance between the fitting
model and bulk are given for the first two shells, expressed as a
percentage of shell distance. Note the large deviations associated with
the Ni and P positions in the Ni;P model. Atomic structures at right
show the EXAFS models used for the fitting. At top is the fcc Ni
lattice, and on the bottom is the artificial Ni;P fcc model used to
account for P doping and Ni positional distortions, based on fcc Ni
with substitutional P atoms.

Information Figure S4). The fcc NisP contributions simulate
the P substitution within the Ni fcc lattice and also enable
distortion of the Ni atoms surrounding the substitutional P.
Thus, the additional degeneracies for the Ni—Ni pathways are
accounted for by pathways that are distorted from their Ni fcc
positions. These two factors, additional Ni—P pathways and
allowing neighboring Ni positions to distort, improved the
goodness of the fit to acceptable levels compared to the poor fit
from using only a pure-phase fcc Ni model. The substitutional
P and particularly the neighboring Ni—Ni pathways deviated
from ideal positions with large differences in interatomic
distance (exceeding 5% of the average interatomic distance, as
shown in Figure 3). The large deviations from ideal positions
and the decreased degeneracy of these pathways (see Table 1)
indicate that the substitutional P contribution present within

the crystalline fcc Ni lattice distorts the surrounding atoms in
the lattice, creating somewhat disordered pathways within the
well-ordered fcc structure.

The fcc Ni + substitutional P model has a high quality fit
(low R-factor) to the experimental data in both R-space (Figure
2d) and k-space (Figure 2d, inset). Table 1 contains the
parameters used to construct the fitting model for the Ni
nanoparticles. The parameters included in the table are the
reference degeneracy value found in bulk structure (Ntheory)49
(the number of atoms located at a specified distance from the
central scattering atom), the degeneracy value determined by
the fit to the experimental spectra (Nexp), the reference
interatomic distance from the scattering atom found in bulk
(R),” the nanoparticle deviation from the bulk reference
interatomic distance resulting from the fit (AR), the energy
shift parameter (E;), which was fixed for pathways consisting of
the same absorbing and scattering atom, and the mean-squared
disorder (6*). A reasonable estimate of the error associated with
the de%eneracy and mean-squared disorder values (Nexp and %)
is 10%>7**" and an estimate of error for AR and E, is 5%."
Additional higher-order shell pathway parameters are included
in Supporting Information Table SS.

We can use the fcc Ni + substitutional P model to estimate
the amount of P in the nanoparticles by examining the
degeneracy of the pathways. The P content is determined by
summing the degeneracy values (ie, N,) for the Ni—P
pathways and dividing by the sum of the degeneracies for all
pathways (see Supporting Information for methods). This same
method is used to determine the number of Ni atoms in
ordered and disordered fcc positions. The first three columns of
Table 2 show the estimated percentages of each type of

Table 2. Summary of Ni and P Content from EXAFS
Modeling and ICP*

% atoms Ni fcc, % atoms Ni fcc, % atoms P % atoms P from
ordered distorted (substitutional) ICP results
79.2% 15.5% 5.3% 6.4%

“The first two columns show the % contribution of the Ni atoms in
both ordered and distorted positions with respect to the fcc Ni lattice.
In the third column is the phosphorus atomic percentage calculated
from EXAFS modeling. The P is located on substitutional fcc sites.
The final column lists the average phosphorus content determined
from ICP results.

Table 1. First and Second Shell Path Parameters”

ordered Ni—Ni pathways from fcc

pathway Nireory Neo R (A) AR (A) E, (eV) o (A% x 107
Ni—Ni (shell 1) 12 9.49 2.49 —0.003 6.26 7.73
Ni—Ni (shell 2) 6 4.72 3.52 —0.008 6.26 12.0

Ni—Ni pathways (Ni;P fcc model)

pathway Nireory Neo R (A) AR (A) E, (eV) o (A% x 103
Ni—Ni (shell 1) 8 1.68 2.49 0.277 6.26 13.8
Ni—Ni (shell 2) 6 125 3.52 —0.280 6.26 14.0

Ni—P pathways (Ni;P fcc model)

pathway Nireory Ny R (A) AR (A) E, (eV) o (A% x 107
Ni—P (shell 1) 4 0.83 2.49 —0.194 —8.70 8.95
Ni—P(shell 2) 8 1.65 4.32 0.094 —8.70 9.13

“Parameters are listed for fcc Ni and for the artificial Ni;P fcc model used to construct the best-fit EXAFS model for the Ni nanoparticle sample.
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contribution (Ni in ordered fcc positions, Ni in distorted fcc
positions surrounding the substitutional P atoms, and P from
substitution on fcc sites). The estimated P percentage in the
structure from the model fit, based on the number of
phosphorus atoms in the 5.57 A radial shell, is 5.3%. This is
a large amount of P and an unexpected result considering that
XRD only shows the fcc phase and no detectable phosphide
compounds. Furthermore, the result is important considering
that many groups have used this synthetic method for their Ni
nanoparticles, which they assume to be pure fcc Ni. In a similar
finding in bulk materials, retention of the Ni fcc lattice has been
observed in bulk Ni—P alloys with atomic percentage of P up to
14%.*" In these bulk Ni—P samples the Ni fcc lattice was
maintained with good crystallinity despite the high phosphorus
content.*' This suggests that such phosphorus incorporation on
substitutional sites may also be possible at the nanoscale.

To confirm that the P contribution is not from TOP surface
ligands, ICP-OES (inductively coupled plasma-optical emission
spectrometry) was performed on Ni nanoparticles for Ni, P,
and C contents. The atomic percentages in the sample were
found to be 83.3, 5.0, and 11.7% for Ni, P, and C, respectively
(Table 3). If we consider that all the detected carbon atoms are

Table 3. The Elemental Composition of Ni Nanoparticles
Synthesized through Standard Techniques Based on ICP
Measurements”

Ni
83.3

P
S.0

C
11.7

element
atomic %

“From these results, the carbon content is an order of magnitude too
small in comparison to the phosphorus atomic % for the phosphorus
to be a result of TOP surface ligand contributions.

from TOP, which has 24 C atoms and 1 P atom in its molecule,
then the C/P ratio should be 24:1. But the C/P ratio from our
ICP is nearly an order of magnitude smaller than what would
be expected from the TOP ligand molecules. This confirms that
most of the P atoms are contained within the Ni nanoparticles
and not located on the surface in the form of TOP molecules.

This high P content is repeatable across multiple syntheses.
Results from ICP analysis on eight Ni samples from identical
synthesis conditions results in an average of 6.4 atomic % P in
the Ni nanoparticles (Table 2, column 4) with a standard
deviation of 1.9 atomic % P.

We also calculate the surface coverage by TOP ligands of our
Ni nanoparticles. Using the carbon content as a guide we find
that only 12% of the surface Ni atoms are connected with TOP
molecules. A comparable surface ligand coverage has been
previously observed,*® and nanoparticle phosphine ligand
coverage has been shown to decrease with increasing particle
size,! which is relevant to our larger nanoparticles. The low
TOP coverage explains the slow precipitation behavior of the
Ni nanoparticles in a nonpolar solvent such as hexane.

As another test to prove that the P contribution is not from
surface TOP surfactant, a ligand exchange was performed on
the Ni nanoparticles, exchanging the existing ligands for oleic
acid (see Supporting Information for methods). ICP analysis
was then performed on both the as-prepared (with TOP
surfactant) nanoparticles and the nanoparticles after ligand
exchange. Results of P content between the two samples
showed negligible changes (5.0 atomic % P before ligand
exchange versus 5.2 atomic % P after ligand exchange)
confirming that the P content measured by ICP is not
dominated by surface phosphine.

To further investigate the synthetic conditions for P
inclusion, the effects of reaction temperature and time on the
P content of the Ni nanoparticles were studied. Plotting P
content for reactions at 210, 220, and 230 °C, with samples
taken at 20, 40, and 60 min, shows a consistent increase in P
content within the nanoparticles as a function of reaction
temperature and time (Figure 4a). This result further confirms
that the P content is incorporated into the nanocrystal and not
merely on the surface. Additionally, the wide variance of P
content in the 230 °C samples (open red symbols in Figure 4a)
demonstrates that P incorporation at higher reaction temper-
atures is sensitive to minor changes in synthetic conditions.
TEM images of the nanoparticles synthesized with varied
conditions are included in the Supporting Information (Figure
SS).

A trend of lattice expansion due to the P doping is clearly
shown in Figure 4b. The (111) 2-0 peak from reference
(JCPDS 65-2865) is 44.5°. The P doped nanoparticle samples
show XRD peaks shifted toward lower angles. The black line in
Figure 4b is linearly fitted with the results from P doped Ni
nanoparticles and the Ni reference (Y = —0.0535X + 44.522, R*
= 0.744S). From this equation, it is possible to roughly predict
the P content of Ni nanoparticles from an XRD pattern. The d-
spacing is also calculated based on the peak position (Figure
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Figure 4. Implications of synthetic parameters on Ni nanoparticle P atomic % and corresponding XRD peak shifts. (a) Correlations between reaction
temperature and time. The black, blue, and red solid symbols represent the P atomic % of samples synthesized at 210, 220, and 230 °C, respectively,
for different reaction times. All of the open symbols exhibit P atomic % from the samples synthesized at 230 °C for 60 min. (b) The correlation
between the P atomic % and the (111) peak position of Ni nanoparticle samples and the Ni reference. The green open square represents the (111)
2-6 peak position (44.5°) of Ni reference (JCPDS 65-2865). The red open circles represent the (111) 2-6 peak positions of the samples which show
P contents. The d-spacing of (111) plane is also calculated based on the peak positions, showing the lattice expansion due to P doping.
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4b). At a P content of ~10 atomic %, there is a ~1% expanded
lattice constant.

Figure 3 shows the deviations in atomic position as a
percentage of the reference crystalline atomic positions (AR%)
for the first and second shell atoms. The atoms are categorized
by the following structural contributions: (1) Ni—Ni from fcc
Ni, (2) Ni—P from substitutional P on fcc sites, and (3) Ni—Ni
from Ni on fcc sites which are allowed to distort, representing
the Ni atoms which surround the substitutional P. For our Ni
nanoparticle samples the majority (79.2%) of the fcc Ni
pathways deviate minimally from the bulk interatomic
distances, with AR/R < 0.25%. These deviations are similar
in magnitude to the Ni foil deviations (compare red bars in
Figure 3, Ni foil versus Ni nanoparticles). This means that the
majority of Ni atoms are located on the fcc lattice. As a result,
the bulk-like fcc Ni contributions within the Ni nanoparticle
sample are detectable by XRD. A smaller portion of the Ni—Ni
pathways within the nanoparticles (blue bars in Figure 3), have
large AR values, representing Ni atoms that deviate from their
fcc positions, likely as a result of nearby substitutional P. These
Ni—Ni contributions are described by the fcc Ni;P component
of the model. The Ni—P pathways resulting from P substitution
on the fcc lattice (green bars in Figure 3) also show deviations
from ideal fcc positions, yet they are smaller than the deviations
of the distorted Ni—Ni pathways. The P atoms may not be
sitting in ideal fcc sites because (1) a small number of the P
atoms may be positioned in octahedral sites, as suggested by
our Ni/Ni,P EXAFS model (see Supporting Information), (2)
the P atoms may be positioned slightly off the fcc lattice sites,
or (3) the P atoms may take the form of dimers within the
structure, as suggested by our density-functional calculations
(vide infra). All aforementioned phenomena would cause the
interatomic distances to deviate slightly from the value of the
ideal fcc Ni phase. The possibility of the P atoms sitting in grain
boundaries within the nanoparticles was considered. This is
unlikely because the grain boundaries effectively act as a surface
at which the degeneracy values of higher order shells is known
to be si%niﬁcantly diminished due to the surface termination
effect*™* and we do not observe this effect in our EXAFS
model. Comparing the average mean-squared disorder values
(Table 1, Supporting Information Figure S6), we see that the
disorder is larger for the nanoparticles than for bulk (foil),
meaning that the nanoparticle pathways have a higher degree of
structural disorder. In addition, the distorted Ni—Ni pathways
show larger values than the ordered Ni—Ni pathways, revealing
that these pathways not only show greater distance deviation,
but also are distributed in a less-uniform manner.

The unusually high P content in the Ni nanoparticles (6.4
atomic % by ICP (average), 5.3 atomic % by EXAFS) raises the
question about the oxidation state of the P and the feasibility of
P substitution at such high concentrations with relative
retention of the structural integrity of the fcc lattice. DFT
calculations including spin-polarization (see Supporting In-
formation for computational details) of the charge density and
Bader analysis® for an fcc Ni supercell containing a single
substituted P atom (Ni;,P) show only a small amount of
charge transfer of less than 0.25¢ between the P and the Ni
atoms. A small Bader charge transfer of 0.25 electrons between
P and Ni indicates that the bonding is mostly covalent in nature
with some ionic character, which is consistent with the
electronegativity values of P and Ni (see Supporting
Information). This suggests that the P has an oxidation state
of zero within the fcc Ni phase. This is confirmed by our XAS
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results, which reveal little deviation from fcc Ni in the near edge
region (XANES), showing that the Ni atoms (and therefore P
atoms, due to charge-neutrality) have an oxidation number of
zero.

The positions of the P atoms in the Ni lattice were also
compared between the relaxed structures from the DFT
calculations and our EXAFS models. Through EXAFS
modeling, it was found that P atoms sit primarily on
substitutional sites. DFT defect formation energies were
calculated to determine the energetics of various possible
positions of phosphorus atoms in fcc Ni. The formation energy
for a P atom to sit substitutionally on an fcc lattice site is 0.8 eV
(see Table 4). The formation energy for the interstitial sites is

Table 4. Formation Energy Calculation Results”

™ supercell E; (eV)
Ni NijsP (0) 2.7
Niy 6P (t) 39
Ni;g,P (s) 0.8
Co CoyP (0) 3.3
CoogP (1) 3.5
CogsP (s) 0.7
Fe Fe 5P (0) 3.4
FeypsP (t) 34
Fe,,,P (s) 0.4

“Calculated formation energies for octahedral (o), tetrahedral (t), and
substitutional (s) P for Ni, Co, and Fe.

higher. It is 2.7 eV for the octahedral site and 3.9 eV for the
tetrahedral site. On the basis of the formation energies, it is not
surprising that the majority of the P atoms are found by the
EXAFS analysis in both the fcc Ni + Ni,P and the fcc Ni +
substitutional P models, to be located on substitutional sites.
However, the results of the fcc Ni + Ni,P EXAFS modeling
suggesting that ~17% of the Ni—P pathways correspond to
octahedral position radial distances is somewhat unexpected.
Together, the EXAFS analysis and the DFT defect formation
energies show that the majority of the P atoms are positioned
on fcc lattice sites.

The analysis of the P location in Ni was extended to several
other important transition metal (TM) systems. Table 4 shows
the formation energies for the P-doped ferromagnetic transition
metals (TMs, TM = Ni, Co, Fe), where P is present at
tetrahedral or octahedral interstitial lattice positions or
substituted for a TM atom. Total energies were calculated
using (spin-polarized) DFT. Formation energies, E; were
calculated as E; = [E[TM,P,] — (npry + mpp)/m), where
E[TM,P,,] denotes the total energy of the cell containing n TM
atoms and m P atoms, and ppy and pp denote the chemical
potentials of TM and P, respectively. yi1y; was taken as the total
energy per atom of TM in the appropriate crystal structure (i.e.,
fce, hep, bec, for TM = Ni, Co and Fe, respectively), and p, was
calculated as yup = (E[TM;P] — (24 pry))/8, where E[TM,P]
is the total energy of the TM;P phase, calculated for a unit cell
containing 24 TM ions and 8 P ions. Even when considering
that the diffusion of a P atom as a substitutional impurity into a
transition metal nanoparticle will require the formation of a
vacancy and comparing the combined formation energy of a
TM vacancy and a P atom substituted for a TM atom,
substitutional rather than interstitial doping is significantly
favored in all three TMs. Similarly, e-phase Co has been found
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Figure 5. DFT calculations for phosphorus doping in transition metals (TMs): magnetization, formation energies, and diffraction patterns. (a)
Magnetization M per TM atom for the TMs Ni (filled black circles), Co (red squares), and Fe (blue diamonds), substitutionally doped with P. The
green triangles give the magnetization for P-doped fcc Fe. Magnetizations for the Co;P and Fe;P crystal structures are indicated by the red and blue
stars, respectively. Empty black circles give the magnetization for Ni containing substitutional P dimers. (b) Formation energies E; for P-doped Ni
(filled black circles), Co (red squares), and Fe (blue diamonds). Empty black circles give the formation energy for Ni containing substitutional P
dimers. Formation of P dimers in Ni was found to be energetically slightly favorable with respect to evenly distributed P. (c) Calculated XRD

patterns for pure and P-doped Ni.

experimentally to favor substitutional rather than interstitial P-
doping.*®

Figure Sb shows the formation energies calculated for P-
doped TM at concentrations of 6.25, 12.5, and 25 atomic %. At
6.25 atomic % P, the formation energies for the P-doped TMs
are small (within 60 meV per atom), suggesting that P may be
accommodated within the TM lattice at this concentration. As
the concentration of P increases, the formation energy of the
doped TM also increases, indicating that substitutional doping
becomes less favorable. At 12.5 atomic % P, the formation
energy is still less than ~100 meV per atom, which is consistent
with the observation of fcc Ni doped at 14 atomic % P.*'
Formation of P dimers (empty black circles) in Ni was found to
be energetically slightly favorable with respect to evenly
distributed P (filled black circles), for concentrations of 6.25
and 12.5 atomic % P, supporting the hypothesis of P-clustering.

Experimentally, Ni has been found to accommodate up to 14
atomic % P without departing significantly from the fcc crystal
structure.*" Calculated XRD patterns for the relaxed Ni—P cells
(Figure Sc) are consistent with this result, indicating that the
fcc structure is retained at P concentrations of 6.25 and 12.5
atomic % for which the XRD patterns are almost indistinguish-
able from that of pure Ni. At 25 atomic % P, the relaxed cell is
deformed significantly with respect to the fcc structure, as is
reflected in the altered XRD pattern. The Ni—P compound
with the lowest phosphorus concentration in bulk materials is
Ni;P, which has 25 atomic % P and exhibits a tetragonal
structure.>®
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Surprisingly, in contrast to our experimental results, the
calculated lattice constant and bulk modulus for P-doped Nj,
for concentrations of 6.25 and 12.5 atomic % P indicate that the
lattice undergoes a contraction as the concentration of P is
increased, consistent with the smaller covalent radius of P
compared to Ni. The bulk modulus is increased by ~1% for Ni
doped at 12.5 atomic % P compared to pure Ni (see
Supporting Information Table S6). Because the experimental
results show a lattice expansion rather than contraction, this
implies that some of the P formation may occur on octahedral
interstitial sites, instead of solely fcc substitutional sites. This
finding is consistent with the EXAFS positions analyzed using
the fcc Ni + Ni,P model.

Phosphorus doping is expected to reduce the magnetism of
Ni nanoparticles. Figure Sa shows the calculated magnetization
M against the concentration of substitutional P, for fcc Ni
(filled black circles). P is substituted for Ni and the atomic
positions and cell size and shape are relaxed until the forces on
all ions are less than 0.03 eV/A. The calculations were carried
out with periodic boundary conditions using supercells
containing a single P atom, for P concentrations of 6.25,
12.5, and 25 atomic %. The magnetization decreases for the P-
doped Ni with increasing P doping. The decrease in
magnetization with P concentration is considerable, falling to
zero by 25 atomic % P, exhibiting paramagnetism in NisP.>*

Through our DFT calculations we can estimate the P effect
on magnetization to be expected in our nanoparticles. For Ni
doped with 6.25 atomic % P, which is close to the
concentration measured to be present in the nanoparticles
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described in this article, M is calculated as 0.49 g per Ni atom,
which is equivalent to 45 emu/g, compared to the value
obtained using a SQUID of ~29.5 emu/g (see Figure 6). This
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Figure 6. Magnetization data for Ni nanoparticles. (a) Magnetization
versus applied field hysteresis loops measured at 2 K. (b) FC and ZFC
magnetization curves for Ni nanoparticles. The curves represent
temperature dependence of the magnetization for samples under a
magnetic field of 100 Oe after zero-field cooling (open square) and
field cooling (filled square).

discrepancy might be explained by P clustering. The empty
black circles in Figure Sa give the magnetization for P dimers
within the Ni lattice. The dimers lead to slightly lower
magnetizations than the evenly distributed P for the same
concentration. For the dimers, P was substituted for two
adjacent Ni atoms in a supercell that is twice as large as that
used for the calculations corresponding to the evenly
distributed P (i.e., the filled black circles). The lower
magnetization of the Ni doped with P dimers indicates that
clusters of P within the Ni lattice would disrupt the
ferromagnetism more than evenly distributed P; P clustering
might therefore be expected to lead to a greater reduction in M,
leading to closer agreement with the measured saturation
moment.

The loss of magnetization due to P content is also supported
by our experimental data. Magnetization versus applied-field
(M vs H) hysteresis loops for the Ni nanoparticle sample at 2 K
are shown in Figure 6a. The Ni nanoparticles show lower
remnant magnetization (M,) (6.4 emu/g) and saturation
magnetization (M,) (29.5 emu/g) than those observed in
bigger Ni nanoparticles reported previously.’>*® This decrease,
although likely due in part to the size of domains in our Ni
nanoparticles, which are smaller than the critical size for
superparamagnetism,”>”*® may also be a function of
phosphorus content within the nanoparticle structure, as
suggested by our theoretical calculations. Zero-field cooling
(ZFC)—field cooling (FC) measurements also display sig-
nificant changes in magnetic properties (Figure 6b). The
blocking temperature (T,) of the Ni nanoparticles is around
260 K, which is lower than that observed in the bulk structure.
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Two additional samples were synthesized to investigate the
effects of phosphorus on the magnetic properties: (1) Ni
nanoparticles synthesized without TOP and (2) Ni nano-
particles synthesized with half the amount of TOP (2.24 mmol)
compared to the standard Ni nanoparticle synthesis TOP
concentration (4.48 mmol). Compared to the “standard” Ni
synthesis, nanoparticles synthesized with less TOP are larger
and irregular in morphology (size, 32.8 nm; std. dev, 14.4%)
(Supporting Information Figure S7, left). Nanoparticles
synthesized without TOP (Supporting Information Figure S7,
right) exhibit an even greater polydispersity and a larger average
size compared to the “standard” Ni nanoparticles (size, 32.3
nm; std. dev, 27.8%). The samples synthesized with less TOP
and without TOP do not clearly show the Tj, point within our
measurement temperature range (2—380 K) indicating that
these samples exhibit more bulk-like (higher blocking temper-
ature) magnetic behavior (Supporting Information Figure
$8).>” Additionally, field dependence of the magnetization
results of the samples with lower TOP concentrations show a
larger hysteresis loop with higher M, (Ni without TOP, 15.9
emu/g; Ni with less TOP, 10.34 emu/g) and M, (Ni without
TOP, 34.5 emu/g; Ni with less TOP, 36.2 emu/g) than that of
standard Ni nanoparticles. However it is not clear whether or
not this effect is solely a result of phosphorus content, since
ferromagnetic behavior is highly sensitive to size effects.*”%
This change in magnetic behavior with increasing phosphorus
content suggests that changes in the nanoparticle properties
may result from the presence of excess phosphorus within the
structure.

DFT calculations were carried out to investigate whether the
P doping effects on magnetization may be applicable to other
transition metal systems. Figure Sa shows the calculated
magnetization against substitutional P concentration for
hexagonal close-packed (hcp) Co (red squares) and body-
centered cubic (bcc) Fe (blue diamonds). As with Ni, the
magnetization decreases for Co and Fe with increasing P
doping, although there is a weaker sensitivity of the
ferromagnetism in these TMs to P doping compared to Ni.
This effect is consistent with the fact that the TM;P phase
exhibits ferromagnetism rather than paramagnetism in Co,P%
and Fe,P.**

In addition, the catalytic properties of the Ni nanoparticles
may be severely affected by the unintended P doping. The
density of states (DOS) near the Fermi surface affects how a
molecule can bind to the material, as the molecular orbitals
form bonding and antibonding states with the surface states.
According to our DOS calculations, the majority states at 100
meV above the Fermi level are strongly affected by the P
presence, which reduces the number of states. Comparing
doped (6.25 atomic % P) Ni to pure Ni, there is a 40%
reduction in the number of states observed at 100 meV (Figure
7). This is particularly significant because these nanoparticles
are notable for their use in catalytic applications, and properties
of catalytic materials are very sensitive to surface states,
therefore the excess P content may detrimentally degrade the
catalytic properties of these Ni nanoparticles.

Through a combination of characterization techniques,
including EXAFS to probe short-range structural order and
XRD to determine the long-range crystal structure, as well as
DFT, TEM, SQUID, and XANES, we were able to elucidate
the structure of Ni nanoparticles and derive conclusions
concerning the relation of their synthetic conditions to the
resulting structure—property relations. Using TOP to promote
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stabilization and coordination in Ni nanoparticle synthesis can
also lead to undesired phosphorus doping. This phosphorus
doping increases as a function of synthetic temperature and
reaction time. This is likely relevant to other synthetic systems
which employ TOP and similarly strong-binding phosphorus
ligands, such as triphenyl phosphine. Even with phosphorus
content as high as several percent, the crystalline fcc Ni lattice is
not significantly disrupted. There is, however, a lattice
expansion notable in the XRD pattern as a function of P
atomic %, which enables calculation of the P content of the
nanoparticles based on XRD peak position alone, a useful
technique in fine-tuning the synthesis. We find that the
structure consists of a crystalline fcc lattice with P substitutional
atoms and distortion only of the Ni atoms surrounding the P
substitutional sites. This unintentional P doping significantly
impacts the nanoparticle structural behavior, magnetic proper-
ties, and catalytic activities, which we have demonstrated
through both the experimental and modeled phenomena.

The results of this study suggest that it should be taken into
consideration in optimizing nanoparticles for use in applica-
tions, that there may be a significant concentration of XRD
amorphous species present in the nanoparticles, which may
interfere with desired properties. Thus care should be taken
when using strong binding surfactant ligands such as TOP in
the synthesis of nanoparticles, particularly when they are used
in high concentrations.
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