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etal-rich transition metal phos-
phides are a class of materials
receiving considerable interest

for their hydrotreating catalytic properties in
the processing of fuels. Among compositions
studied to date, Ni,P is reported to be the most
efficient hydrodesulfurization (HDS) catalyst,
even outperforming the commercially used
Ni—Mo—S/Al,05 catalysts in terms of activity
and resistance to poisoning.' 3 Thus, there
has been considerable interest in developing
methods for synthesizing nanoscale nickel
phosphides, largely focused on Ni,P.* 8 Many
of these methods suffer from generation of
competing phases and/or lack of size and
morphology control, underscoring a signifi-
cant need for synthetic levers that enable
these characteristics to be controlled.
Synthetic methods reported for the pre-
paration of nanoscale Ni,P in different forms
(solid particles, hollow particles, rods, and
wires) include decomposition of single source
precursors® high temperature reduction of
supported phosphates,”'° reaction of support-
ed Ni and NiO particles with PH,"" chemical
vapor deposition,'? solvothermal synthesis,'®
and microwave synthesis.'* Among these, so-
lution-based strategies that involve reaction
of salts or organometallic reagents together
with phosphines, or transformation of metal or
metal oxide nanoparticles with phosphines,
have a high potential to enable control of
size and morphology in addition to phase—
all relevant parameters for catalytic proper-
ties.*””1>1% Our group first reported on the
formation of nearly monodisperse solid sphe-
rical Ni,P nanoparticles in the size range 7—16
nm by the reaction of bis(1,5-cyclooctadiene)-
nickel(0) and trioctylphosphine (TOP) at 345 °C
in trioctylphosphine oxide (TOPQ).> The for-
mation of hollow Ni,P nanoparticles was first
reported by Chiang and co-workers® and
Schaak and co-workers” by the reaction of
preformed crystalline Ni nanoparticles with
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ABSTRACT Simultaneous control of phase, size, and morphology in nanoscale nickel phosphides
is reported. Phase-pure samples of discrete nanoparticles of Ni;,Ps and Ni,P in hollow and solid
morphologies can be prepared in a range of sizes (10—32 nm) by tuning key interdependent
synthetic levers (P:Ni precursor ratio, temperature, time, oleylamine quantity). Size and morphology
are controlled by the P:Ni ratio in the synthesis of the precursor particles, with large, hollow particles
formed at low P:Ni and small, solid particles formed at high P:Ni. The P:Ni ratio also impacts the
phase at the crystallization temperature (300—350 °C), with metal-rich Ni;,Ps generated at low P:Ni
and Ni,P at high P:Ni. Moreover, the product phase formed can be decoupled from the initial
precursor ratio by the addition of more “P” at the crystallization temperature. This enables formation
of hollow particles (favored by low P:Ni) of Ni,P (favored by high P:Ni). Increasing temperature and
time also favor formation of Ni,P, by generating more reactive P and providing sufficient time for
conversion to the thermodynamic product. Finally, increasing oleylamine concentration allows
Ni;,Ps to be obtained under high P:Ni precursor ratios that favor solid particle formation. Oleylamine
concentration also acts to “tune” the size of the voids in particles formed at low P:Ni ratios, enabling
access to Ni;,Ps particles with different void sizes. This approach enables an unprecedented level of
control over phase and morphology of nickel phosphide nanoparticles, paving the way for systematic
investigation of the impact of these parameters on hydrodesulfurization activities of nickel
phosphides.
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TOP, followed by another report on tuning
void sizes in these systems."” Schaak and co-
workers suggested that the formation of hol-
low structures could be dependent on the size
of the Ni nanoparticles, as smaller Ni nanopar-
ticles (<5 nm) did not result in voids under
identical transformation conditions. In very
recent work, Tracy and co-workers demon-
strated that the formation of hollow and solid
structures depends on the ratio of P:Ni in the
precursor mixture, but the final products they
reported were always mixed phase (Ni,P and
Ni;oPs)."® To our knowledge, the ability to
simultaneously control phase, size, and mor-
phology has yet to be demonstrated for the
Ni,P, system, or indeed any other nanoscale
phosphides.

Our previous investigation on iron phos-
phide nanoparticles clearly indicates that
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Scheme 1. Reaction pathways indicating the preparation of Ni—P nanoparticles.

the issue of phase impurity can be solved by under-
standing the reaction mechanism. Phase-pure samples
of Fe,P and FeP were prepared by appropriate choice
of reaction conditions, arrived at by carrying out a
series of reactions evaluating the effect of temperature,
reaction time, Fe:P precursor ratio, and order of addi-
tion of reagents on the phase of the final product.' We
expect that the concepts we have learned regarding
phase control in the Fe—P system can be successfully
extended to the Ni—P system to generate phase-pure
samples and enable access to different compositions.
Furthermore, a systematic study evaluating the various
reaction parameters enables the factors responsible for
the control of size and morphology in this system to be
discerned.

Our objectives are to (i) extend the successful phase
control strategy established for the Fe—P system to the
Ni—P system; and (ii) uncover the factors that play a
primary role in the formation of solid and hollow
nanostructures in the Ni—P system. To achieve these
objectives, we have adapted the general strategy
originally employed by Schaak and co-workers,”'®
and extended by others,'® in which precursor nano-
particles containing Ni are reacted with TOP to yield
nickel phosphide nanoparticles. The role of precursor
ratio (P:Ni), oleylamine quantity, temperature, and
heating time, in determining the phase, size, and
morphology of the final product will be described
and discussed in light of the reaction mechanism.
Moreover, synthetic procedures enabling access to
phase-pure Ni,P and Ni;,Ps as either hollow or solid
spherical nanoparticles will be presented.

RESULTS AND DISCUSSION

Formation of nickel phosphide nanoparticles was
achieved by reaction of Ni(acac), with TOP as the P
source in the presence of octyl ether and oleylamine in
a two-step process involving generation of precursor
particles at 200—230 °C followed by further reaction
and crystallization at 300—350 °C. While the reactive
form of P is not known, PH; generated from alkene
elimination steps has been purported to be the active
species in iron phosphide nanorod formation from iron
nanoparticles.?’ Thus, TOP acts as both a coordinating
solvent and a reactant. As shown in Scheme 1, the
reactions were performed either in one pot (route I) or
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two pots (route ), with isolation of precursor nano-
particles occurring in the latter.

Phase Control (Ni,P vs Ni;,P5). Our previous work on the
nanoscale iron phosphides clearly indicated that the
choice of P:M (phosphorus/metal) precursor ratio, re-
action temperature and heating time are key factors
that determine the stoichiometry of the product.'
Ni;,Ps (tetragonal)z"'“'m'22 and Ni,P (hexagonal)“f7
are the most commonly observed phases in the pre-
paration of nanoscale nickel phosphides. A series of
reactions were carried out to understand the effect of
heating time at different TOP:Ni(acac), ratios and
reaction temperatures (Supporting Information, Figure
S1 and S2). Although the effects of P:Ni precursor ratio
and temperature were not studied independently, the
obtained results clearly indicate that low P:Ni ratios,
lower temperatures, and shorter times favor Ni;,Ps
formation. Accordingly, a P:Ni precursor ratio of 1.12
(4 mmol Ni(acac), and 2 mL of TOP) with 3 equiv of
oleylamine (relative to Ni) and a reaction temperature
of 300 °Cfor 1 h provided optimal conditions for gene-
rating phase-pure Ni;,Ps, as shown from the PXRD
pattern in Figure 1a. Likewise, to stabilize a more P-rich
phase, keeping other conditions constant, the conver-
sion reaction was carried out for a longer time (3 h) ata
higher temperature (350 °C) with an increased P:Ni
precursor ratio of 5.6. When analyzed by PXRD, the
product was found to be a perfect match for the more
P-rich phase, Ni,P (Figure 1b). These observations are
consistent with the behavior exhibited in the Fe—P
system, and highlight the successful extension of the
phase control strategy we first developed for the Fe—P
system to Ni—P."°

TEM analyses of Ni,P nanoparticles (P:Ni = 5.6, 3 h,
350 °C,) revealed the sample to be composed of solid
spherical nanoparticles (Figure 2a) with an average size
of 10.2 & 0.9 nm (Supporting Information, Figure S3a).
The P:Ni atomic percent composition obtained from
the EDS data was somewhat higher than the expected
value for the Ni,P phase (Figure S3b), attributed to
residual TOP ligands or a reaction byproduct bound to
the surface of the Ni,P nanoparticles that was not
removed in the washing step.” In contrast, TEM analyses
of Ni;,P5 nanoparticles (P:Ni = 1.12, 1 h, 300 °C) revealed
the formation of nearly spherical hollow nanostructures
(Figure 2b) of size 26.8 + 1.9 nm (Figure S4a). EDS data
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Figure 1. PXRD patterns of (a) Ni;,Ps nanoparticles and (b) Ni,P nanoparticles compared to line diagrams of their

corresponding reference patterns.

Figure 2. TEMimages of (a) Ni,P nanoparticles with solid morphology (inset: HRTEM indicating the high degree of crystallinity
and the absence of voids) and (b) Ni;,Ps nanoparticles with hollow morphology. An HRTEM image of a hollow Ni;,P5

nanoparticle is given in Supporting Information Figure S5.

revealed a lower P:Ni ratio than for Ni,P, consistent with
formation of the more metal-rich phase (Figure S4b). The
formation of hollow nanostructures can be attributed to
the nanoscale Kirkendall effect, in which differences in
ion diffusion rates results in voids, and were similar to
those reported for Ni;P%’ and mixed phase nickel
phosphides'® in the literature. To the best of our knowl-
edge, this is the first report of low-polydispersity, phase-
pure hollow Ni;,Ps nanoparticles.

These observations clearly indicate that careful
choice of reaction conditions cannot only enable con-
trol of the phase of the nanoparticles, but the size
morphology as well. Increasing the P:Ni precursor ratio
from 1.12 to 5.6 resulted in a decrease in the average
size of the nanoparticles from 26.8 &= 1.9 nm (Ni;,Ps) to
10.2 & 0.9 nm (Ni,P). The decrease in size of the
nanoparticles with increasing P:Ni precursor ratio in
the system is consistent with previous observations
made by Mézailles and co-workers in their work on Ni
nanoparticles and is attributed to the stabilization of
the precursor nanoparticle surface by TOP, limiting
particle growth.?

The variation in morphology between Ni;,P5 and
Ni,P (hollow vs solid) can be attributed to the choice of
precursor ratios chosen to stabilize these two different
phases. These observations fall in line with the recent
report on morphology controlin Ni,P, nanoparticles by
Tracy and co-workers.'® They found that the P:Ni
precursor ratios played an important role in determin-
ing the nature of the species formed at the precursor
stage (220 °C), and the resultant morphology of the
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crystalline nickel phosphide formed at higher tempera-
ture (300 °C). Low P:Ni precursor ratios (1—3) resulted
in the formation of crystalline Ni nanoparticles that
subsequently transformed to hollow crystalline Ni,P,
nanoparticles, high P:Ni precursor ratios (>9) resulted
in the formation of Ni—P alloy nanoparticles that
transformed to solid crystalline NiP, nanoparticles,
and intermediate ratios produced a mixture of solid
and hollow particles. In all cases, the samples of Tracy
and co-workers were characterized to be mixtures of
both Ni;>Ps and Ni,P phases.'®

Effect of P:Ni Ratio on Precursor Crystallization and Composi-
tion—Step One of a Two-Pot Synthesis. The hypothesis
regarding hollow and solid Ni.P, nanoparticle forma-
tion postulated by Tracy and co-workers'® was tested
under our synthetic conditions. The nature of the
precursor nanoparticles formed at 200—230 °C was
investigated as a function of the P:Ni precursor ratio.
Precursor nanoparticles were prepared with P:Ni ratios
in the range 0.28 to 5.6, aged for 60—90 min, and
isolated at room temperature by precipitation with
excess ethanol.

The PXRD pattern of precursor nanoparticles pre-
pared with a ratio of 0.28 (prepared at 200 °C) was
observed to be a direct match to the reference pattern
of fcc-Ni (Figure 3); all three peaks corresponding to
cubic phase Ni were observed. In addition, the nano-
particles were observed to respond strongly to a
magnetic stir bar, consistent with the superparamag-
netic nature of the Ni nanoparticles. A similar PXRD
pattern is obtained for precursor nanoparticles
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Figure 3. PXRD patterns of precursor nanoparticles
(crystalline Ni and amorphous Ni,P,) prepared at 200—230
°C with varying P:Ni precursor ratios compared to the Ni
reference pattern (PDF no. 87-0712).

prepared with P:Ni ratios of 0.56, 1.12, and 1.68
(prepared at 230 °C, Figure 3) and these nanoparticles
also displayed a strong response to a magnet. TEM
analyses were performed on precursor nanoparticles
prepared with P:Ni of 0.28 and 1.12 and reveal the
particles to be nearly spherical with an average size of
27.2+2.4and 21.1+1.4 nm, respectively (Figure 4a,b,
Supporting Information, Figure S6a,b). EDS data on
these samples are also consistent with Ni formation;
only a small signal for P is observed, attributed to TOP
ligands binding to the surface of Ni nanoparticles
(Supporting Information, Figure 57).>2

When the P:Ni was increased to 2.24 or higher, the
PXRD patterns of the precursor nanoparticles indicated
that the product was less crystalline (Figure 3). A broad
peak around 44° 26, corresponding to the most intense
peak of the fcc-Ni phase, was observed, while the two
other characteristic Ni peaks were absent, suggesting
lower crystallinity of the samples. The samples did not
respond to a magnet at room temperature indicating a
change in the magnetic characteristics of the material.
TEM images acquired on nanoparticles prepared with P:Ni
precursor ratios of 2.8 and 5.6 reveal the formation of
spherical nanoparticles with an average size of 104 4+ 0.8
and 9.6 £+ 1.1 nm, respectively (Figure 4c,d, Supporting
Information, Figure Séc,d). P:Ni ratios obtained from EDS
analysis for both nanoparticles were found to be
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Figure 4. TEM images and average particle diameters of
precursor nanopatrticles (crystalline Ni and amorphous
Ni,P,) prepared with varying P:Ni precursor ratios: (a) 0.28
(200 °C); (b) 1.12 (230 °C); (c) 2.8 (230 °C); and (d) 5.6 (230 °C).
Histograms for the nanoparticles are given in Supporting
Information Figure S6.

significantly higher than the crystalline Ni samples
(Supporting Information, Figure S8). The high P content
along with the broad feature in the PXRD pattern and
unresponsiveness to an external magnet suggest the
formation of an amorphous alloy of Ni—P. Note that
amorphous Ni—P alloys with 20 wt % P are reported to
lose their spontaneous magnetization;?* likewise, there
are no ferromagnetic crystalline nickel phosphides.?®
These results are qualitatively similar to those reported
by Tracy and co-workers'® for P:Ni ratios >9, but we see
the transition from crystalline Ni to amorphous Ni,P, at
considerably smaller ratios of P:Ni under our synthetic
conditions. An intermediate P:Ni precursor ratio of 1.96
resulted in nanoparticles which exhibited all three peaks
corresponding to cubic-Ni in the PXRD pattern, but the
(111) reflection was found to be relatively broad in
comparison to the (111) reflections of precursor nano-
particles prepared with lower P:Ni ratios (Figure 3). In
addition, the sample was found to give a weak response
to an external magnet, indicating that this stoichiometry
reflects the crossover from magnetic Ni to nonmagnetic
Ni,P, nanoparticles. These data are summarized in Sup-
porting Information, Table S1. As already mentioned, the
gradual decrease in the size of the nanoparticles with
increasing P:Ni precursor ratio is attributed to the stabili-
zation of the nanoparticle surface by TOP, which acts to
limit growth via Ostwald ripening.®®

Transformation of Crystalline Ni and Amorphous Ni,P, Nano-
particles to Hollow and Solid Ni,P Nanoparticles—Step Two of a
Two-Pot Synthesis Route. The isolated precursor nanopar-
ticles were converted into crystalline Ni,P by reaction with
additional TOP in order to observe the effects of precursor
composition on resultant morphology. To favor Ni,P over
Ni;,Ps, we used a higher conversion temperature (350 °C)
relative to Tracy and co-workers (300 °C) and simulta-
neously employed longer reaction times (3—4 h) and
large concentrations of TOP (>10 times the estimated
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Figure 5. PXRD patterns of the final products obtained by
the reaction of the various precursor nanoparticles with
TOP at 350 °C for 3—4 h compared to the Ni,P reference
pattern (PDF no. 74-1385). The P/Ni ratios correspond to
those used to form the precursor nanoparticles.

moles of Niin the reaction). Approximately 50 mg of each
of the precursor nanoparticle samples depicted in Figure 3
were combined with 10.0 mL of octyl ether and 2.0 mL of
oleylamine and subsequently reacted with 11.2 mmol of
TOP at 350 °C for about 3—4 h. The isolated products
showed no response to the stir bar, suggesting they are
free of crystalline Ni impurities. Products were character-
ized by PXRD and the patterns indicated that all precursor
nanoparticles were completely converted into crystalline
phase-pure samples of Ni,P (Figure 5). Size differences are
apparent between Ni,P nanoparticles obtained from
crystalline Ni nanoparticles and those from the amor-
phous Ni,P, nanoparticles. The PXRD peaks were all
broader, and peaks corresponding to (002/300) and
(211) reflections were found to merge together, for the
Ni,P nanoparticles obtained from amorphous Ni,P, nano-
particles, whereas the reflections can be identified dis-
cretely for Ni,P nanoparticles obtained from crystalline
Ni nanoparticles. Crystallite size calculations made by
applying the Scherrer equation to (111) reflections of
Ni,P nanoparticles substantiate the qualitative observa-
tions made from the PXRD patterns (Supporting Informa-
tion, Table S1). Overall, Ni,P obtained from the crystalline
Ni precursor nanoparticles are comparatively larger in size
relative to products obtained from amorphous Ni.P,
nanoparticles.
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Figure 6. TEM images and average particle diameters of
Ni,P nanoparticles obtained from reaction of additional
TOP with different precursor nanoparticles prepared with
varying P:Ni ratios: (a) 0.28; (b) 1.12; (c) 2.8; and (d) 5.6.
Histograms for the nanoparticles are given in Supporting
Information Figure S9.

TEM analyses (Figure 6) of Ni,P nanoparticles are in
rough agreement with the PXRD crystallite size calcu-
lations as shown in Supporting Information, Table S1.
However, crystallite size calculations significantly under-
estimate sizes for hollow nanoparticles due to the
presence of the void. Ni,P nanoparticles obtained from
crystalline Ni nanoparticles depicted in Figure 4 panels
a(27.2+24nm)and b (21.1 £ 1.4 nm) were found to
be composed of hollow structures with an average
particle size 31.6 & 2.7 and 24.0 = 2.4 nm, respectively
(Figure 6a,b, Supporting Information, Figure S9a,b).
The ca. 15% increase in size during transformation to
Ni,P is expected due to the incorporation of phos-
phorus and the formation of hollow voids within the
particles. The formation of hollow structures can be
attributed to the nanoscale Kirkendall effect, pre-
viously observed in nickel phosphides.®” This effect
arises from a diffusion couple between Niand P where-
in Ni migration outward is faster than P migration
inward, leading to void formation. On the other hand,
the Ni,P nanoparticles obtained from amorphous Ni,P,
nanoparticles depicted in Figure 4 panels c (10.4 £+ 0.8
nm) and d (9.6 &+ 1.1 nm) resulted in solid spherical
nanoparticles of size 11.0 £+ 0.7 and 102 =+
1.0 nm, respectively (Figure 6¢,d, Supporting Informa-
tion, Figure S9¢,d). Presumably, the presence of phos-
phorus in the particles, and possibly their smaller size,
precludes significant migration rate differences, at
least to an extent that would produce voids. In contrast
to the hollow structure formation, the size increase due
to P incorporation in the lattice is considerably smaller
(5—6%), as expected for a solid phase.

These results clearly indicate that the morphology
and size of the final product is dictated by the initial P:
Ni precursor ratio chosen for a particular synthesis, either
due to variation in crystallinity/composition of the pre-
cursor particles or to the size difference (crystalline Ni
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Figure 7. PXRD patterns of final products prepared with
varying oleylamine quantity compared to reference pat-
terns of Ni;»P5 and Ni,P (P:Ni = 5.6, 2 mmol Ni, 11.2 mmol
TOP, 3 h, 350 °C). The dashed lines indicate the most intense
peaks corresponding to Ni,P and Ni;,Ps.

precursor particles have diameters 2—3 times larger than
the amorphous alloy particles). These results also show
that conditions exist whereby a single phase product
(Ni,P) can be produced with hollow and solid morphol-
ogies. The Ni,P phase was achieved by carrying out the
conversion reactions for longer times (3—4 h) with larger
concentrations of TOP (>10 times that of Ni) at higher
temperatures (350 °C) which ensured adequate availabil-
ity of reactive phosphorus for the formation of the more
P-rich phase among the accessible phases in this synthesis
(Ni,P over Ni;,Ps).

Effect of Oleylamine: Generation of Solid Ni;,Ps Nanoparticles
Using a One-Pot Synthesis Route. The preparation of solid
Ni;,Ps nanoparticles proved to be a challenge as a P:Ni
precursor ratio of 2.8 or higher is needed to generate
solid nanoparticles, but such high ratios favor forma-
tion of the more P-rich phase (Ni,P) during conversion
to the phosphide phase. To favor a more metal-rich
phase, we explored the role of oleylamine as a modifier
in the reaction.

A series of reactions by the one-pot route in which
Ni nanoparticles are formed at 230 °C, but not isolated,
and then transformed to nickel phosphides, was per-
formed wherein the quantity of oleylamine was varied
systematically while keeping all other reaction para-
meters constant. The reactions were carried out under
conditions optimized for the solid Ni,P nanoparticle
synthesis (P:Ni = 5.6, 3 h, 350 °C). The ratio of oleyl-
amine/Ni used in the reaction was varied from 3 to 22.5
and the PXRD patterns (Figure 7) of the isolated final
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products clearly indicated that higher amounts of
oleylamine favors formation of the metal-rich phase,
Ni;,Ps. Specifically, the most intense peak correspond-
ing to Ni;,P5 was found to grow gradually with increas-
ing oleylamine quantity and Ni;,Ps was found to be the
major product when the oleylamine/Ni ratio was 22.5.
The exact mechanism by which oleylamine tends to
favor the metal-rich phase (Ni;,Ps5) under conditions
more suitable for the formation of Ni,P is not known.
However, amines are purported to play the role of
reducing agent in metal nanoparticle syntheses,>%°
and thus the presence of excess amine could promote
the stabilization of the more reduced phase (NijPs).
Alternatively, excess amine could also displace the
phosphine ligands from the precursor nanocrystal sur-
face and create a lack of reactive phosphorus, thereby
resulting in a metal-rich phase. A similar observation
has been reported in the literature by Hyeon and co-
workers wherein they observed that the use of oleyl-
amine favored the formation of metal-rich Fe,P under
conditions typically employed for FeP.*?”

The positive influence of the excess amine in stabi-
lizing Ni;,Ps, even under conditions that favor the
formation of Ni,P, provided insight for optimizing
conditions for the preparation of Ni;,Ps nanoparticles
with a solid morphology. A solid morphology requires
a relatively high P:Ni ratio (favoring Ni,P) but this may
be offset by use of excess amine to promote the
stabilization of a metal-rich phase (Ni;,Ps). Accord-
ingly, we carried out a reaction series by a one-pot
route wherein the P:Ni precursor ratio was gradually
varied from 1.12 to 5.6. All four reactions were carried
out under identical conditions and utilized a high
concentration of oleylamine (60 mmol oleylamine, 4
mmol Ni, 1 h, 350 °C). As expected, the addition of
excess oleylamine was observed to stabilize the metal-
rich phase Ni;,Ps (Figure 8). All four samples were
observed to be phase-pure; peaks corresponding to
the Ni,P phase are not observed.

TEM analyses of the Ni;,P5 nanoparticles prepared
with a P:Ni precursor ratio of 1.12 revealed the sample
to be composed of hollow nanoparticles (Figure 9a,
Supporting Information, Figure S10a) with an average
size of 25.3 £ 2.5 nm. A gradual increase in P:Ni
precursor ratio to 5.6 results in the transformation of
hollow nanoparticles into solid spherical nanoparticles
while simultaneously resulting in smaller nanoparticles
(Figure 9b,c,d, Supporting Information, Figure S10b,c,
d) consistent with the observation for Ni,P. EDS ana-
lyses carried out on all nanoparticles are consistent
with the stabilization of the Ni;,P5 phase (Supporting
Information, Figure S11), demonstrating a similar ratio
to the ideal P:Ni ratio for Ni;,P5 (0.42).

To demonstrate that the use of an excess of amine
is essential for the generation of solid Ni;,Ps, a set
of control reactions (positive and negative) by one-pot
route was carried out for a P:Ni precursor ratio of 5.6.

VOL.5 = NO.3 = 2402-2411 = 2011 ASJ\M%N@

www.acsnano.org

2407



P/Ni: 1.12
|
A~ T T T T T T
[2 - 40 45 50 55
£ p/Ni: 2.24
(=)
=
T d T T T T
2 35 40 45 50 55
- M
N’
? 35 40 45 50 55
& |p/Ni:5.6
Q
e
E T T T s
35 40 45 50 55
Nig,Ps PDF # 74-1381
1 I . ll 1 : . N
35 40 45 50 55

20 (degrees)

Figure 8. PXRD patterns of Ni;,P5 nanoparticles compared
to reference pattern (PDF no. 74-1381), prepared with
varied P:Ni precursor ratios (60 mmol oleylamine,

4 mmol Ni, 1 h, 350 °C).
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Figure 9. TEM images and average particle diameters of
Ni;,P5 nanoparticles prepared with varied precursor P:Ni
ratios: (a)1.12, (b) 2.24, (c) 4.48, and (d) 5.6. The
corresponding histograms are available in

Supporting Information Figure S10.

The PXRD patterns and TEM images of the reaction
products are shown in Figure 10. As expected, all the
nanoparticles were observed to possess a solid mor-
phology as dictated by the P:Ni precursor ratio (5.6),
and when the reaction was carried out without the
additional quantity of oleylamine, the product was
characterized to be Ni,P (Figure 10a). To discount the
effect of dilution that occurs on addition of excess
oleylamine to the reaction, a control was run in which
the system was diluted by an equivalent volume (16.0
mL) of octyl ether (noncoordinating solvent) in lieu of
amine. The product of the reaction was again deter-
mined to be Ni,P (Figure 10b). In the last control
reaction, the excess oleylamine was replaced by an
equivalent quantity (in moles) of octadecylamine
(Figure 10c). This time, the product of the reaction
was characterized to be Ni;,Ps. These results confirm
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the requirement of excess amine to promote the
stabilization of solid Ni;,P5 nanoparticles.

It should also be noted that the addition of excess
oleylamine also impacts the size of the voids in hollow
structures. A size comparison made between the
hollow structures of Ni;,Ps nanoparticles prepared
with different oleylamine quantities indicates that
higher oleylamine quantities results in smaller voids
(Supporting Information, Figure S12) for product par-
ticles that are of similar size. The smaller voids likely
result from a decrease in the quantity of bound TOP at
the particle surface due to competition with oleyl-
amine. Less TOP means less activated P at the particle
surface, potentially altering the Ni—P diffusion couple
such that diffusion of Ni outward is slowed just as P
diffusion inward is slowed. Thus, oleylamine counter-
mands the tendency toward hollow structure forma-
tion, at the same time favoring the more metal-rich
phase.

Interdependency of Synthetic Levers: Temperature, Heating
Time, and TOP Quantity. Temperature, heating time and
TOP quantity all play major roles in controlling the
amount of phosphorus available to react with the
nickel species in solution. Thus, a decrease in one
factor can be compensated by increasing another
factor. For example, a small decrease in reaction tem-
perature can be offset by either increasing the reaction
time or TOP quantity. The interdependency of these
“synthetic levers” is qualitatively displayed in Scheme 2,
and explains why mixed phases are the “norm”, and
phase-pure samples require some finesse. Size and
morphology are controlled by varying the P:Ni ratio
in the synthesis of the precursor particles at 200—
230 °C, with large, hollow particles forming at low P:
Ni and small, solid particles forming at high P:Ni. Of
course, the P:Ni ratio also impacts the phase at the
crystallization temperature (300—350 °C), with metal-
rich Ni;,P5 generated at low P:Ni and Ni,P at high P:Ni.
However, the product phase formed can be decoupled
from the initial precursor ratio (which dictates whether
crystalline Ni or amorphous Ni,P, precursor nano-
particles forms, and consequently, hollow or solid parti-
cles) by addition of more TOP at the crystallization
temperature. This enables formation of hollow parti-
cles (favored by low P:Ni) of Ni,P (favored by high P:Ni).
Increasing temperature and heating time also favor
formation of the more P-rich Ni,P phase, by generating
more reactive P and providing sufficient time for
conversion to the thermodynamic product. On the
other hand, generating the metal-rich Ni;,Ps phase
under high P:Ni precursor ratios that favor solid particle
formation can be achieved by the addition of oleyl-
amine, which appears to function as a reducing agent
or limits phosphorus inclusion by competitive binding
versus TOP. Oleylamine also can act to “tune” the size of
the voids in particles formed at low P:Ni ratios, enabling
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Figure 10. PXRD patterns and TEM images of the final product of the control reactions carried out to prove the effect of excess
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Scheme 2. lllustration of the roles played by various synthetic levers in controlling the size, morphology, and phase in nickel

phosphide nanoparticles.

Ni,,P5 particles with a range of void sizes, but similar
overall particle sizes, to be produced.

With respect to general applicability of the con-
cepts here toward other Ni—P nanoparticle phases, we
note that only a few reports are available on the nano-
scale preparation of P-rich nickel phosphides?®*° and
P-rich Ni,P, nanoparticles are yet to be prepared via the
metal—nanoparticle conversion method. We believe
that the P-rich phases such as NisP, and NiP, can
be generated by working under conditions that will
help generate higher amounts of reactive phosphorus
in the system. These include higher reaction tem-
peratures (>350 °C), high P:Ni precursor ratio, and

MUTHUSWAMY ET AL.

cannulation of hot metal nanoparticles (>200 °C) into
preheated TOP (350 °C).

CONCLUSION

Reaction parameters have been utilized as levers to
tune phase, size, and morphology, enabling phase-
pure samples of Ni;,P5 and Ni,P to be prepared in both
solid and hollow morphologies. The P:Ni precursor
ratio has been identified as the primary synthetic lever
operating at the precursor particle formation tempera-
ture, controlling morphology. At the nickel phosphide
crystallization temperature, addition of TOP, reaction
time, and temperature played key roles in stabilizing
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the final phase of the product, enabling formation of
hollow particles of Ni;»Ps and Ni,P and solid particles of
Ni,P. Excess oleylamine stabilized the more reduced
phase, Ni;,Ps, offsetting the effects of a high P:Ni ratio
and enabling this phase to be realized in solid morphol-
ogy, as well as reducing the void size in hollow structures.
The exquisite control demonstrated in the synthesis is
expected to enable phase, morphology, and size-depen-

METHODS

Chemicals. Nickel acetylacetonate (Ni(acac),, 95%), was pur-
chased from Alfa Aesar. Tri-n-octylphosphine (TOP, 97%) was
purchased from STREM and was stored under argon in a
glovebox. n-Octyl ether was purchased from TCl America.
Oleylamine (C18 content 80—90%) and octadecylamine (tech.
90%) were purchased from ACROS. The solvents chloroform and
ethanol (200 proof) were purchased from Fisher Scientific and
Decon Laboratories, Inc., respectively. All chemicals were used
as received.

Synthesis. All reactions were carried out in argon atmo-
sphere using standard Schlenk line techniques. Two different
approaches were followed to prepare nickel phosphide nano-
particles (Scheme 1): (i) a one-pot strategy involving Ni(acac),
and TOP in the synthesis of precursor nanoparticles at 230 °C
and subsequent conversion to crystalline phosphide phase at
300—350 °C; and (ii) a two-pot strategy in which the precursor
nanoparticles were isolated after the reaction at 200—230 °C,
then subsequently redispersed in octyl ether and oleylamine
and reacted with TOP, the phosphorus precursor, at 350 °C.

In a typical one-pot synthesis, both Niand P precursors were
combined with 10.0 mL of octyl ether (solvent) and 2.0—4.0 mL
(~6—12 mmol) oleylamine (surfactant) in a Schlenk flask fitted
with a reflux condenser vented by an oil bubbler and degassed
at 100 °C under partial vacuum. Heat was introduced via a
heating mantle, and the temperature was maintained using a
digital temperature controller with the thermocouple placed
within the mantle, near the bottom of the flask. The system was
then heated to 230 °C under Ar, where it was maintained for
60—90 min yielding a black solution. The temperature was then
raised to 300—350 °C for 1—3 h, depending on the phase
desired. The nanoparticles were isolated after returning the
system to room temperature (RT) by the addition of 20—30 mL
ethanol followed by centrifugation. Isolated nanoparticles were
then dispersed in 1—2 mL of chloroform with sonication and
reprecipitated with excess ethanol. The process was carried out
twice, and the washed product was dried under vacuum to yield
a free-flowing powder.

In the two-pot strategy, precursor nanoparticles were
synthesized at 200—230 °C as described above and isolated at
RT by precipitation with excess ethanol and centrifugation. The
isolated precursor nanoparticles were then dispersed in 1—2 mL
of chloroform and reprecipitated with excess ethanol. Subse-
quently, a known quantity (50 mg) of the isolated nanoparticles
was combined with octyl ether (10.0 mL) and oleylamine (2.0
mL, 6 mmol). The system was degassed under vacuum at 100 °C
and was raised to 300 °C under Ar. After 10—15 min at 300 °C,
10.0 mL of TOP was injected into the system, followed by a raise
in temperature to 350 °C where it was maintained for 3—4 h.
Isolation of the final product was carried out as described for the
one-pot synthesis.

Reactions were also carried out in which the oleylamine
quantity was systematically varied in the range 6.0—45.0 mmol,
with a P:Ni precursor ratio of 5.6. The conversion reactions were
carried out at 350 °C for 3—4 h after the preparation of precursor
nanoparticles at 230 °C (90 min). On the basis of these data, solid
Ni;,Ps nanoparticles were synthesized by the one-pot route by
choosing a high ratio of oleylamine:Ni (4 mmol Ni, 60 mmol
oleylamine) for the P:Ni precursor ratio of 5.6, and a 1 h reaction
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dent hydrodesulfurization activities of nanoscale Ni—P to
be systematically probed for the first time, a study that is
presently underway. Moreover, the general concepts
developed in the course of this Ni—P investigation should
be applicable to other nanoparticle conversion reactions,
decreasing the time and effort needed to produce
targeted phases with controlled stoichiometry, morphol-
ogy, and size.

time. The precursor nanoparticles were made at 230 °C, and the
subsequent conversion was carried out for 1 h at 350 °C.

Characterization Techniques. Powder X-ray diffraction (PXRD)
was carried out on a Rigaku diffractometer RU200B with a Cu Ko
rotating anode. Samples were deposited onto a zero back-
ground quartz holder with a thin layer of grease. Phase was
assigned by comparison to the powder diffraction files (PDFs) of
the International Center of Diffraction Data (ICDD) using Jade
5.0 software.

Transmission electron microscopy (TEM) and semiquantita-
tive energy dispersive spectroscopy (EDS) were performed using a
JEOL FasTEM 2010 electron microscope operated at a voltage of
200 kV and a beam current of 107—108 uA with a coupled EDS
detector (EDAX Inc.). The images were captured using Amtv600
software provided by the Advanced Microscopy Techniques
Corporation. Samples for TEM analysis were prepared by deposit-
ing a drop of chloroform nanoparticle dispersion onto a carbon-
coated 200 mesh Cu grid, followed by air-drying.
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