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Bimetallic nickel-cobalt nanoparticles are highly sought for their potential as catalytic and magnetic
nanoparticles. These are typically prepared in organic solvents in the presence of strong stabilizing ligands
such as tri-n-octylphosphine (TOP). Due to the variety of cobalt crystallographic phases and to the strong
interaction of the ligands with the metallic surfaces, forming fcc nanoparticles rather than a phase
mixture is a challenging endeavor. Here, using a two-step synthesis strategy that aims at a core-shell
nickel-cobalt morphology, we demonstrated that many parameters have to be adjusted: concentration of
the metal precursors, stoichiometry of TOP, and heating program from room temperature to 180 °C. We
found optimized conditions to form size-controlled fcc NiCo nanoparticles from preformed Ni nano-
particles, and the phase attribution was confirmed with a combination of X-Ray diffraction on powder and
X-Ray absorption spectroscopy at the Co K edge. We then investigated the early stages of Co nucleation
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on the nickel using a lower stoichiometry of Co, down to 0.05 equiv. vs. Ni. Using X-ray photoelectron
spectroscopy and scanning transmission electron microscopy coupled to energy-dispersive X-Ray spec-
troscopy and electron energy loss spectroscopy, we showed that cobalt reacts first on the nickel nano-
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particles but easily forms cobalt-rich larger aggregates in the further steps of the reaction.

1. Introduction

The combination of two metals in a single nano-object is as
interesting as it is challenging. Indeed, bimetallic nano-
particles have been widely studied during recent years because
of the multiple possibilities which can arise from the inter-
action between the two components." Alongside, in the fields
of energy harvesting and catalysis, it is of paramount impor-
tance to shift from noble metals to first-row transition metals
such as Ni, Cu, Co and Fe because of their lower cost and
higher availability.> In this context, bimetallic nickel cobalt
nanoparticles (NiCo NPs) have attracted the attention of the
community thanks to the synergic catalytic activity of the com-
bined metals. For example, NiCo NPs were used for the dry
reforming of CO,,* for hydrogen production,® for the depoly-
merization of lignin,” for hydrogen production,® and recently
as catalysts for hydrosilylation.’ Interestingly, the ratio of
nickel to cobalt greatly affects the catalytic activity and the de-
activation rate of the nanoparticles during a dry reforming of
methane reaction.'® Core-shell NiCo NPs were prepared by
depositing cobalt on preformed nickel nanoparticles, and they
were tested for the hydrogenation of carbon dioxide into
carbon monoxide, methanol and formaldehyde, showing an
interesting selectivity for oxygenated products.'’ Such selecti-
vity could not be reached with pure Co or pure Ni nano-
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particles. NiCo NPs modified with PPh; or PnBu; ligands were
also active for benzaldehyde reduction by silanes at room
temperature.’

Despite the huge interest of NiCo NPs, synthesis of well-
defined objects in composition, size and crystallinity is still a
challenge. In particular, it is expected that core-shell nano-
particles will exhibit properties that differ from the alloyed
ones, especially as several crystalline phases may coexist.
While there are many reports of supported NiCo NPs,>'*™"?
synthetic path in one pot using colloidal routes seems more
difficult to design. These can take advantage of the different
reduction potential of Ni and Co,"®?* of electroless depo-
sition, or of laser ablation®® although they may end up being
fairly aggregated®” or poorly crystallized,'® or too crystallized to
be attributed to nano-domains.*® Few reports mention the
possibility to form composition-controlled NiCo NPs.**™!
Amongst them, the study by van Schooneveld et al. interest-
ingly proposed a synthetic route in one pot, using a Ni(u) pre-
cursor and a Co(0) precursor with ratio that were systematically
varied. This provided them with alloy of tunable composition,
provided that acetone was used to dissolve the cobalt precur-
sor, thus undergoing an intermediate acetonation reaction.
Surprisingly, Co-rich reaction mixture led to even more Co-rich
nanoparticles while Co-poor ones led to even more Co-poor
nanoparticles.”® In contrast with this study, Marusak et al.
used Ni(u) and Co(u) precursors in three molar ratio (1.14,
2.28, 3.42) and they found that, under these conditions, Co
was less efficiently introduced in the nanoparticles than Ni.*°
This generally raises the question of reaction yield vs. each
metal and depending on the precursors and operating
conditions.

Phase speciation was studied in few studies, keeping in
mind that fcc Ni, Co and NiCo have close lattice parameters
and are practically very hard to distinguish as soon as the crys-
tallites are nano-sized. From a polyol route at 170 °C, both
pure hAcp and mixed hcp + fcc nano-crystalline phase were
obtained for NiCo powders with various morphologies.'® fec
NiCo NPs were obtained at 280 °C for Co/Ni ratio of 0.3 to 0.8,
while hcp Ni or £ Co were obtained with other ratio.*® The
phase affects the nature of the exposed facets, affecting the
catalytic performances, as well as the electronic properties of
the solid, as was demonstrated for the magnetic properties of
Co, for instance.’* As such, it is quite interesting to describe
and control the phase in bimetallic nanoparticles as well.

In order to clarify the phase speciation in NiCo NPs and
provide an alternative route to composition-controlled and
size-controlled nanoparticles, we investigated the possibility to
obtain them from preformed fcc Ni NPs prepared through a
robust colloidal reaction.**** We selected Co,(CO)g as a cobalt
source, at the suitable formal oxidation state (0) for avoiding
redox reaction at the Ni surface and we investigated several Co/
Ni ratio, from 1.0 to 0.05. We investigated a range of operating
conditions, varying the dilution, the stoichiometry of the main
surface ligand (tri-n-octylphosphine) and the heating program,
to finally obtain phase-pure fcc NPs. Lastly, we lowered the stoi-
chiometry of the cobalt precursor to get an insight of the first
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stage of cobalt deposition on the Ni NPs surface. We then
discuss the role of each parameter for the production of phase-
pure and composition-controlled NPs, while delineating the
limits of the proposed synthetic approach. Overall, the present
work contributes to the topic of preparing phase-controlled fcc
NiCo bimetallic nanoparticles while unveiling the challenge of
suppressing the formation of the hcp phase in a robust
manner.

2. Results

2.1 Sensitivity of the synthesis to process parameters

The starting point of this study is the protocol reported in a
previous study.'’ Briefly, nickel nanoparticles (Ni NPs) are
formed in a first step from dry nickel(u) acetylacetonate (acac)
in the presence of 3 equiv. of tri-n-octylphosphine (TOP) and
12 equiv. of oleylamine (OAm), which acts both as solvent and
reducing agent, at 220 °C for 2 h. In a second step, and
without further treatment, the cobalt(0) precursor, Co,(CO)s
(one equiv. of Co vs. Ni), was added at room temperature and
the mixture was heated up again. A first temperature step of
120 °C was kept for 20 min, to efficiently solubilize the cobalt
precursor. As expected, we observed bubbling in the solution,
due to the release of some CO molecules. Then the tempera-
ture was increased to 180 °C and kept for 1 h. Small nano-
particles of 12 nm diameter (Fig. 1B) were obtained.

Powder X-ray diffraction (XRD) was performed on the
powder (Fig. 1A). Broad peaks were detected corresponding to
an average crystallite size of 10 nm according to the Scherrer
relation. Interestingly, no cubic metallic phase was observed.
Rather, the observed phase was isostructural to Ni;,Ps, which
indicated that the nanoparticles were more phosphidized than
anticipated. In fact, in the study published in 2015,"" the
STEM-EDS mapping of the nanoparticles highlighted the pres-
ence of a cobalt-rich shell around a nickel-rich core, but the P
K-edge mapping was not inconsistent with phosphorus inside
the nanoparticle core. The presence of some phosphorus in
the nanoparticle core, as phosphide species, can be explained
due to the partial decomposition of the phosphine during the
first step of the reaction (the synthesis of the nickel nano-
particles), as showed in a study published in 2017.>> HRTEM
did confirm the presence of nanoparticles with a crystalline
core although the observations did not allow excluding the
presence of an amorphous shell (Fig. S31). This shell is not
even in thickness and displays a non-regular TEM contrast: it
could be made of cobalt/nickel (possibly oxidized due to air
exposure) and/or carbon from the ligands.

Nanoparticles were smaller than these obtained in ref. 11
(26 nm diameter in average). In order to confirm that this was
not due to degradation of the particles after the addition of
cobalt, the nanoparticles were isolated and analyzed after the
first reaction step, that is, before cobalt was added. This step
resulted in nanoparticles with a fairly sharp size distribution
and an average diameter of 9 nm (Fig. S2At), consistent with
the size range expected in more diluted conditions reported in

This journal is © The Royal Society of Chemistry 2022
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Fig. 1 (A) XRD pattern of the nanoparticles powder, the reference phase in red corresponds to Ni;;Ps (PDF 03-065-4018, dotted lines are a guide

to the eye). (B) TEM of the nanoparticles and size distribution in the inset.

an earlier work.>> We attribute this difference to the use of a
different heating mantle and temperature controller setup, as
well as a different TOP source, highlighting the well-known
influence of process parameters on the outcome of the syn-
thesis. Moreover, the nickel phosphidized phase could already
be observed at this step by XRD (Fig. S2Bf). In more diluted
conditions reported in an earlier work, the nanoparticles were
mostly amorphous.®>® This indicates that concentrated con-
ditions are prone to favor the interaction of the phosphine
with the nickel surface, and more phosphidation of the nano-
particles, in agreement with the interpretation proposed in the
literature.>®

Besides, the presence of cobalt in the nanoparticles after
the second step was confirmed by ensemble analysis: EDS per-
formed at large scale on a SEM provided an average Co/Ni ratio
of 0.5. X-Ray fluorescence spectroscopy on a pellet of the
power confirmed the Co/Ni ratio of 0.6. EDS performed at the
scale of a single nanoparticle using a STEM instrument pro-
vided an average Co/Ni ratio of 0.6 (average on 6 locations),
confirming the presence of cobalt in each nanoparticle. It
appears that about 0.4 equiv. of cobalt did not enter or cover
the nanoparticles. Rather, it was eliminated by the washing
steps. In the previous study on larger nanoparticles, Co/Ni
ratio of 1.0 was obtained, which will be discussed later.

The detection of phosphorus is trickier, because it is
present in the remaining ligands in amounts that depend on
the washing, and also because of the lower atomic number of
this element. SEM-EDS provided a P/Ni ratio of 0.8 and
STEM-EDS of 1.0. The difference likely comes from the
amount of organics observed in each technique: at low magni-
fication by SEM, an average of the powder is obtained, while
STEM is performed on regions of the grids were the nano-
particles are best dispersed, which typically is promoted by a
local excess of ligands.

Altogether, the nanoparticles produced here were composed
of a nickel-rich phosphide core, likely surrounded by a cobalt-
rich shell of poor crystallinity, not detected by XRD. The nano-
particles diameter was smaller than in the previous study, due

This journal is © The Royal Society of Chemistry 2022

to the first step of the formation of the nickel nanoparticles.
The presence of a phosphorus-rich core was expected. A phos-
phide phase was detected, which was not expected but is still
consistent with previous observations by STEM-EDS. This could
be tamed by increasing the OAm/TOP ratio, based on previous
works on nickel phosphides.*® The cobalt incorporation at the
second step was less efficient than expected, with final Co/Ni
ratio lower than the expected value of 1.0, which suggested that
some of the cobalt stayed trapped as a molecular species stabil-
ized by TOP in solution.?” This could be tamed by lowering the
TOP stoichiometry, but also by favoring a better nucleation of
cobalt as nanoparticle through a gentler heating ramp.

These unexpected results and the seemingly high sensitivity
to the operating conditions led us to re-examine in detail the
phase speciation in nickel-cobalt nanoparticles prepared by
this two-step route. Therefore, we decided to deeper investigate
the influence of the synthesis parameters on the phase specia-
tion, with the target of forming fcc NiCo nanoparticles, which
is the expected phase at the reaction temperature.”® We
worked on the four actionable parameters mentioned above:
(i) the dilution, (ii) the temperature ramp, (iii) the stoichio-
metry of the phosphine, (iv) the stoichiometry of cobalt.

2.2 Influence of dilution

Firstly, in order to hinder the formation of the phosphide
phase, we used more diluted conditions. Increasing the
amount of oleylamine to 22 equiv. led to the formation of
nanoparticles with an average diameter of 12 nm, similar to
these obtained above (Fig. 2B). STEM-EDS mapping confirmed
that each nanoparticle contained nickel and cobalt (Fig. S47).
The absence of the crystalline phosphidized phase was con-
firmed by XRD, as observed on Fig. 2A. However, we were
puzzled to observe that, upon repetition, XRD measurements
were not reproducible leading always to a metallic cubic phase
and sometimes to an additional hexagonal phase (Fig. 2A). For
the cubic phase, the measured lattice parameter of a = 3.526 A
can correspond to either fcc Ni (a = 3.524 A, JCPDS file 00-004-
0850) or fcc NiCo alloy (a = 3.534, JCPDS file 04-004-8490). For

Nanoscale, 2022, 14, 7547-7560 | 7549
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(A) XRD pattern of two samples (a and b) prepared in diluted conditions, the reference phase in green corresponds to fcc Ni (JCPDS file 00-

004-0850) and the reference phase in red corresponds to hcp cobalt (JCPDS file 04-001-3273). (B) Representative TEM of the nanoparticles and

size distribution in the inset.
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Fig. 3

(A) XANES of the fcc NiCo NPs at Ni K-edge, (a) NiO ref, (b) Ni(0) foil ref, (c) NiCo NPs. (B) XANES of the fcc NiCo NPs at Co K-edge, (d)

Co30, ref, (e) CoO ref, (f) Co(0) hep ref, (g) Co(0) fcc ref*® and (h) NiCo NPs. (C and D) EXAFS at Co K-edge of (blue) Co hcp, (orange) Co fcc, (black)

fcc NiCo NPs and (violet) fcc + hcp NiCo NPs. The red circles are a guide
fcc phases.

this reason and in the sake of clarity, all the following XRD
patterns are displayed with the fcc Ni phase as the reference
one. According to the Scherrer formula, the average crystallite
size is 8 nm. The second set of broader diffraction peaks is
attributable to an Acp cobalt phase (JCPDS file 04-001-3273)
and it corresponds to an average crystallite size of 6 nm.

XRD sensitivity is limited when the crystallites are small
and when the peaks partially overlap, which is the case here.
The cubic pattern showed on Fig. 2A-(a) may hide some lower
amount of hcp phase. Deconvolution of the pattern did not
allow detecting such Zcp phase (Fig. S157).

In order to confirm this, we used X-ray absorption spec-
troscopy (XAS), which probes the whole volume of the nano-
particle and is also sensitive to the local order. We recorded

7550 | Nanoscale, 2022, 14, 7547-7560
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spectra in transmission mode at both Ni K-edge and Co
K-edge for these fcc NiCo NPs and compared them with refer-
ences compounds of metals and oxides. The X-ray absorption
near edge structure (XANES) is presented on Fig. 3A and B for
Ni and Co K-edges, respectively (the whole XAS is showed on
Fig. S81). We found that the edges of both Ni and Co were
close to the metal reference edges indicating that most of their
atoms were in a metallic environment and at an oxidation
degree of 0. Regarding Ni K-edge (Fig. 3A), the spectrum of the
fce NiCo NPs was much more similar to the spectrum of metal-
lic Ni than to the spectrum of NiO. First, the edge position was
measured at 8331 eV for the sample, when it was at 8332 eV
for metallic Ni and 8343 eV for NiO, confirming the metallic
character of the Ni atoms. Second, we noticed on Fig. 3A that

This journal is © The Royal Society of Chemistry 2022
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the oscillations in the extended X-Ray absorption fine structure
(EXAFS) region rapidly dampened after the white line. Still,
their position matched with these of reference foil of metallic
Ni but not with these of the NiO reference. In particular, there
are (i) a local maximum at 8381 eV for both the sample and
the metal Ni spectra, absent for the NiO spectrum and (ii) a
lower absorption between 8394 and 8404 eV for both the
sample and the metal Ni spectra, when the NiO spectrum pre-
sented a maximum at these energies. EXAFS at Co K-edge is
presented on Fig. 3C and D. It should be noted that the EXAFS
spectra of bulk hexagonal and cubic Co are very similar.>
Significant differences on the EXAFS spectra appear at k >
13.5 A™', a value that cannot be exploited here because of the
presence of nickel: Ni K-edge rises at ca. 8300 eV, which corres-
ponds to k = 12.5 A™" for cobalt. Here, we were able to collect
data up to 10.5 A™'. At smaller k-values, two features can be
used to discriminate between hcp or fec phases, as shown
Fig. 3C on bulk references.* First, at ca. 6 A™*, a shoulder is
expected for the hcp phase while the fcc phase presents a peak.
Second, between 7.5 and 7.8 A™* the observed decrease is twice
more pronounced for the fcc phase (ca. 25% of the height of
the peak at 8.1 A™") than for the hcp phase (ca. 10% of the
height of the peak at 8.1 A™'). The EXAFS spectrum of the
NiCo NPs on Fig. 3D (in black) was compared with these of a
NiCo NPs powder (in violet) displaying both fcc and hcp phase
by XRD. It presents a peak at 6 A™" (rather than a shoulder), a
strong decrease between 7.5 and 7.8 A™* (ca. 30% of the height
of the peak at 8 A™"). On the opposite, mixed phase compound
has a shoulder at 6 A™" and a small decrease between 7.5 and
7.8 A™'. Based on the interpretation extracted from the refer-
ence compounds of fcc Co and hcp Co, experimental obser-
vation of the two NiCo powders strengthens the trend observed
by XRD, namely, the absence of the hcp phase in the black
spectrum.

A slight variation of operating conditions might trigger the
appearance of the Co Acp phase in some samples. Indeed, the
nucleation of the metallic cobalt in the early stages occurs
under kinetic control. Some variations come from irreducible
process parameters at the lab scale: dissolution rate of the Co
precursor grains, elimination rate of the carbonyl gas gener-
ated by the precursor decomposition, magnetic stirring
efficiency, power surges applied by the heating mantle, etc.
Others can be better controlled: ligand stoichiometry and
temperature ramp. These two parameters were investigated
next, using the diluted conditions, i.e. 22 equiv. of oleylamine.

2.3 Influence of TOP stoichiometry

We analyzed the impact of the phosphine ligand on the
outcome of this reaction. Tri-n-octylphosphine easily coordi-
nates to Co,(CO), species and forms various Co,(CO),(TOP),
complexes which have been observed as intermediates in the
synthesis of ¢ Co NPs.*' These complexes may sequester part
of the cobalt as molecular species in solution. Moreover, TOP
is directly responsible for the phosphidization of the nano-
particles core. Therefore, we decided to synthesize NiCo NPs
using lower amounts of TOP. When 1 equiv. of TOP was used,

This journal is © The Royal Society of Chemistry 2022
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the nanoparticles were larger with a diameter of 20 nm
(Fig. S5D1), as expected from a previous work.>® However, the
Co hcp cobalt phase still appeared in some samples
(Fig. S5Ct). Lowering further the amount of TOP to 0.8 equiv.
diminished the signal intensity for the hcp phase in XRD,
however the nanoparticles obtained were polydisperse and
contained much bigger objects (Fig. S6 C and D respectively).
This suggested that some cobalt nucleated aside the pre-
formed nickel nanoparticles under these conditions.
Therefore, the following reactions were conducted with 1
equiv. of TOP, which means with the lower TOP amounts that
still provided a fairly sharp size distribution for the
nanoparticles.

2.4 Influence of temperature plateaus

Based on the observation made with 0.8 equiv. of TOP, it is
possible that the Acp phase could come from isolated cobalt
nanoparticles. The heteronucleation of cobalt species on the
nickel nanoparticles (providing the desired core-shell struc-
ture) should present a lower activation energy than the homo-
nucleation of cobalt in the solution. A too rapid heating ramp
could allow both homo- and heteronucleation simultaneously.
Rather, a more gentle heating, favoring the cobalt complex
decomposition on the nanoparticle surface, may be adequate.
Nucleation of cobalt species has been reported to begin at
around 175 °C using Co,(CO)g as organometallic precursor
and TOPO as stabilizing agent.*> Therefore, we reduced the
overall heating rate by adding two plateaus to the temperature
program, at 140 °C and 160 °C. The resulting process is a
ramp of 80 minutes instead of 40 minutes originally
(Fig. S1BY).

When these conditions were used along with 1 equiv. of
TOP, the hexagonal cobalt phase was not anymore detected by
XRD (Fig. 4A). An average Co/Ni ratio of 0.95 was detected by
ICP-AES as an ensemble measurement (Table S3t), very close
to the introduced ratio of 1.0, which suggests that the loss of
Co as molecular complexes was mostly suppressed under these
conditions.

The nanoparticles were observed by TEM (Fig. 4B). As the
major species (95% to 100%, depending on the batches),
18 nm nanoparticles were observed. This diameter corres-
ponds to the diameter for a core-shell structure built on
15 nm Ni nanoparticles (see Fig. S7 and the geometrical model
used for calculation in ESI section 11t). We also noticed that
these optimized conditions sometimes led to the presence of
small quantities (less than 5% in number) of larger 40 nm
nanoparticles.

To analyze the composition of the larger nanoparticles,
STEM-EDS measurements were performed (Fig. 5). On the
color-coded maps, the pixel intensity is linear vs. the photon
counts, meaning that the lower concentrations of Co or Ni do
not appear well when another region of the picture is highly
concentrated in the same metal. The larger nanoparticles were
rich in cobalt, with an average Co/Ni ratio between 10 and 35,
depending on the particles. This result suggests that the temp-
erature plateaus were not able to suppress the homonucleation

Nanoscale, 2022, 14, 7547-7560 | 7551
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Fig. 4 (A) XRD pattern of the sample prepared with 1 equiv. of TOP (the reference phase in green corresponds to fcc Ni, JCPDS file 00-004-0850,
and the reference phase in red corresponds to hcp cobalt, JCPDS file 04-001-3273). (B) TEM of the sample prepared with 1 equiv. of TOP size distri-
bution in the inset (average diameter in red is for the smaller nanoparticles (10—25 nm) and average diameter in yellow is for the whole population).

Fig. 5 (A) STEM-HAADF, (B) STEM bright field and (C) STEM—EDS mapping of NiCo NPs synthetized using 1 equiv. of TOP and temperature steps

(red for cobalt and green for nickel).

of cobalt nanoparticle. However, no icp phase was observed by
XRD, suggesting that under these conditions the Co crystal-
lized as a fcc phase (of pure Co or NiCo alloy) even in the few
larger nanoparticles present in the sample.

The introduced Co/Ni ratio of 1:1 failed to provide solely
the expected fcc core-shell nanoparticles. Thick shells seem to
be difficult to form under these conditions. As a consequence,
we performed reactions with lower amounts of cobalt in the
hope to decrease the occurrence of larger cobalt-rich nano-

7552 | Nanoscale, 2022,14, 7547-7560

particles. Moreover, performing reactions with a low cobalt
stoichiometry was an opportunity to better understand which
were the preferential reaction sites for cobalt species.

2.5 Influence of cobalt stoichiometry and consequence on
the surface

Using the long temperature program (80 min) and 1 equiv. of
TOP, the Co/Ni ratio was varied from 0.5 to 0.05. In none of
these cases was the hcp phase detected by XRD (Fig. S107).

This journal is © The Royal Society of Chemistry 2022
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Only the fcc phase was detected. Moreover, XANES at Co
K-edge and Ni K-edge were very similar for the whole series of
samples (Fig. S97).

ICP-MS and ICP-AES confirmed that the ratio Co/Ni in the
products follows the expected ratio (Fig. 6B, blue circles and
green squares, Table S37). This means that the reactions can
be considered as quantitative vs. Ni and vs. Co under these
reaction conditions.

TEM revealed again the presence of two populations of
nanoparticles: the expected smaller ones (diameter between 10
and 25 nm), and larger ones (Fig. S11 and Table S2, Fig. S127).
The occurrence of larger nanoparticles was only 3% with the
lower Co/Ni ratio of 0.05. Two average diameters were calcu-
lated to describe this situation (Table S27): the regular average
diameter taking into accounts all the nanoparticles and the
average diameter of the small nanoparticles population. The
first was poorly informative, as it came from a bimodal popu-
lation. The second value allowed commenting on a more sig-
nificant trend: as expected, larger average diameters were
obtained with a larger amount of cobalt added at the second
step: from 14.4 + 2 nm (for 0.05 equiv. of Co) to 17.5 + 3 nm
(for 0.5 equiv. of Co) (Table S27).

We decided to evaluate the Co/Ni surface ratio by X-Ray
photoelectron spectroscopy (XPS) (Fig. 6A), keeping in mind
that the few larger nanoparticles had a comparatively low con-
tribution to this value. All spectra highlighted the presence of
cobalt, cobalt oxide, nickel and nickel oxide (see fitting para-
meters in Table S1f). The presence of surface oxides was
expected considering the lack of stability of Ni(0) and Co(0) in
air. The most appropriate region to calculate this ratio is the
NiCo 3p region where Ni and Co are observed with very close

This journal is © The Royal Society of Chemistry 2022

binding energies, thus with the same inelastic mean free path
of ca. 2 nm.** Considering that the cross sections are also very
close for Ni and Co, the surface fraction for cobalt was calcu-
lated directly from the spectra as the fraction of the total area
under Co 3p and Ni 3p: we thus plotted the Co/Ni surface
ratio, as measured (Fig. 6B, red dots). For samples with 0.05,
0.1 and 0.2 equiv. of Co vs. Ni, the experimental fractions of Co
follow the introduced ones, consistent with the idea that most
of the cobalt was deposited onto the preformed nickel nano-
particles. Above 0.5 equiv. of Co vs. Ni, the surface ratio was
lower than expected, by comparison with the measurements
by ICP (Fig. 6B, green diamonds and blue triangles),
suggesting that cobalt above 0.5 equiv. was not anymore cover-
ing the nickel. Rather, this was consistent with more and more
cobalt being sequestered in large nanoparticles.

STEM-EDS measurements (Fig. 7A-D, complementary
elemental maps are shown in Fig. S13}) provided more
nuanced insights on the final structure of the nanoparticles as
well as on the steps of the cobalt reaction with nickel, when
analysing the compositional maps from smaller to larger Co
amounts. Starting from the synthesis with lowest Co/Ni ratio
(Fig. 7A) we observed that initially cobalt nucleated preferen-
tially on some of the Ni NPs but no large particles were observed
at this stage. Increasing the Co/Ni ratio (Fig. 7B and C) led to
the formation of cobalt-rich zones in between the Ni NPs
(circled in white on the Fig. S13t) as if Co started to grow
preferentially in those areas where it is already abundant.
Finally, when 0.5 equiv. of Co were used, large cobalt nano-
particles were more often present (not shown on the micro-
graph) along with core-shell NiCo nanoparticles (shown on
Fig. 7D).
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c————20 nm

Fig. 7 (A-D) STEM—-EDS overlay maps of NiCo with a variable Co vs. Ni ratio: (A) 0.05, (B) 0.1, (C) 0.2, (D) 0.5. (E-G) STEM—EELS measurement of a
nanoparticle from the sample with Co/Ni = 0.1. (E) overlay, (F) Co L-edge signal, (G) Ni L-edge signal, (H) cross-section along the dotted line in (E).

EDS is a low-yield process, and as a result, STEM-EDS maps
require fairly long exposure time. In order to confirm the core-
shell structure of the nanoparticles and the absence of beam
damage, electron energy loss spectroscopy (EELS) was employed
(Fig. 7E-H). 1t allows first, to collect the map in a faster way, and
second, to avoid broadening effect of the probe in the material. As
a result, a cartography with a resolution of 0.5 nm was obtained,
for example on the Co/Ni = 0.1 sample (Fig. 7E). Both the filtered
images and the cross-section (Fig. 7H) confirm the core-shell struc-
ture of the nanoparticle, that is, a cobalt-rich outer region on top
of a nickel-rich region. Due to the mobility of Co and Ni atoms in
this binary compound,* there may be the presence of few Ni
atoms in the shell region and few Co atoms in the core region.

3. Discussion

In the results showed above, we identified several key points in
the synthesis of bimetallic nanoparticles. First, the reaction

performed under concentrated conditions (12 equiv. of OAm
vs. Ni, Table 1 entry 1) and with a fairly large amount of TOP
(3 equiv.) was found to yield a significant phosphidation of the
nickel core, and this, already at the first step of the reaction,
prior to the addition of cobalt. The crystalline structure of the
core was unchanged as a result of the second step (addition of
1 equiv. of Co), although partial substitution of Ni by Co in
Ni;,Ps would give a similar signature in XRD and cannot be
excluded a priori.

The results of the first step stands in contrast with reactions
forming fcc nickel nanoparticles reported at higher dilution
and/or with lower amounts of phosphine.*® It thus appears
that the phosphine concentration (and not only the stoichio-
metry) is a key parameter to anticipate the nickel core phosphi-
dation, which may start at temperatures as low as 150 °C
during the reaction.”»'® This seems in agreement with the
idea proposed in the literature that TOP and OAm compete as
surface ligands:*® TOP needs to stay coordinated long enough
to the nickel surface for the P-C bond to be broken.

Table 1 Summary of the operating conditions, phase and morphology observed through the study. Co, OAm and TOP are given in equiv. vs. Ni.

Heating programs refer to these described in Fig. S1}

Entry Section Co OAm TOP Heating program Phase (XRD) Morphology

1 2.1 1 12 3.0 Short Ni;,Ps Single population, 12.4 + 1.2 nm

2 2.2 1 22 3.0 Short fecor fee + hep Single population, 12.0 + 1.2 nm

3 2.3 1 22 1.0 Short fec or fee + hep Single population, 20.3 + 2.2 nm

4 2.3 1 22 0.8 Short fec or fec + few hep Two populations

5 2.4 1 22 1.0 Long fee Major population (93%): 18.1 + 2.7 nm
6 2.5 0.5 22 1.0 Long fee Major population (93%): 17.5 + 3 nm
7 2.5 0.2 22 1.0 Long fee Major population (91%): 16.3 + 2.4 nm
8 2.5 0.1 22 1.0 Long fee Major population (95%): 16.2 + 3 nm

9 2.5 0.05 22 1.0 Long fee Major population (97%): 14.4 + 2 nm
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However, the actual mixture composition during and after
the first step is more complex than a binary one. Indeed, we
showed in a previous mechanistic work that the sole reaction
of Ni(acac), and OAm produces a range of species including
water, keto-ene-amine and acetamide derived from OAm and
acetylacetone secondary reactions, as depicted on Fig. 8.*
Thus, it is worth discussing in details all the experimental
parameters that may affect the reaction outcome due to their
variability. From a previous study on copper nanoparticles, we
know that water forms in variable amounts from one synthesis
to another and may further react with oxophilic metals.*®
Here, small amounts of water may affect the precise nature of
reactions intermediates from Co,(CO)s to metallic cobalt.

Moreover, water and some of the other byproducts are able
to react with TOP upon heating, forming TOPO. This poten-
tially lowers the available amount of TOP to stabilize inter-
mediate cobalt complexes in the second step, but also provides
an additional surface ligand that may play a role in selecting
the cobalt phase obtained at the end of the second heating
step. TOPO was used for forming both Acp and & Co nano-
particles, starting from Co,(CO)s as the cobalt precursor.***
However, the ¢ Co phase was stabilized only for nanoparticles
below a few nanometers,*®*? which explains why it was not

had

Oo. . ..0
O’N ‘O+ TOP + OAm
M

215°C
2h

Ni NPs

+ remaining TOP + remaining OAm
H,O + ¢ TOPO + other byproducts

180 °C
temp. program

CO

Co complexes
Co clusters

l

NiCo NPs

fec or fec+hep

Fig. 8 Simplified reaction mechanism proposed for entries 2-9 of
Table 1. The stoichiometries were omitted for clarity. Species in grey are
not fully defined in amount or nature. In this scheme, ¢ indicates a small
quantity of the species.
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encountered in the present study. Here, the amount of TOPO
formed in situ would depend from the kinetics of side-reac-
tions, thus on the heating ramp but also on the dead volume
of the flask and other operating parameters such as the stir-
ring speed.

Independently from the question of side-reactions, another
parameter decreasing the reproducibility of the reactions is the
presence of impurities in TOP batches: they vary in amount,
from technical TOP to high-purity TOP, but also in nature
from one manufacturer to the other. Actually, some works
even used mixtures of technical and higher-purity TOP as a
way to optimize the growth of cobalt nanoparticles.*® We also
know from our experience that TOP with purity higher than
90% but from different providers produces nickel nano-
particles with various diameters due to the presence of
different impurities.>°

Here, because TOP is involved both in the stabilization of
intermediate Co complexes, or even clusters such as [Co
(CO),(TOP);]5,*” and in the final size control of the nano-
particles, any variation on TOP nature and amount (affected by
the possible formation of TOPO) may impact the outcome of
the synthesis. For example, when only 0.8 equiv. of TOP was
used (section 2.3, Table 1 entry 4), the stabilization of such
species, which requires 3 TOP per Co, would have been disfa-
vored. Lower TOP amounts resulted in the appearance of a
number of large cobalt-rich nanoparticles that may have come
from a secondary nucleation path directly from the solution
rather than at the surface of existing nanoparticles. Moreover,
the amount of available TOP is expected to directly affect the
phase of the final nanoparticles: a study by de Silva et al.
showed the role of intermediate clusters involving TOP, oleic
acid and TOPO in explaining mixture of fcc and hcp vs. the
selective production of fcc, hep or even e phases.”* Overall, the
complexity of the reaction mixture, in terms of the nature of
the species present at each step and their relative amounts, is
one key parameter explaining the sensitivity of the phase
control in our reaction.

We also need to discuss the question of temperature
control and heat power applied during the second heating
step, after the addition of cobalt. Devices for temperature
control vary from one laboratory to the other, as do the operat-
ing conditions (flask volume, heating mantle maximum
power, parameters of the temperature control feedback, etc.).
Even after a careful calibration, heating mantle and tempera-
ture control devices are never strictly equivalent. In most
cases, this has no consequences on the reaction outcome: for
example, in the first step, the nucleation of Ni(0) is a sharp
process happening only above 212 °C.** In the case of cobalt,
the reaction is more delicate as it is strongly endothermic, and
significantly affects the temperature of the mixture.*> When
the ramp was too fast, as in section 2.2 (Table 1 entries 2, 3
and 4), molecular processes of precursor decomposition, gene-
ration of reactive Co(0) species and crystallization may overlap,
explaining a lack of repeatability. In contrast with this, introdu-
cing more temperature plateaus provides an empirical mean to
better separate these processes.
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Fig. 9 Proposed mechanism for the cobalt reaction with the nickel nanoparticles at selected stages. The bottom table recalls selected Co/Ni ratio.
The top values recall the average diameters of the smaller NP population as well as the amount of larger NPs.

We also should discuss the phase crystallization. In macro-
scopic compounds, icp cobalt is expected to be a stable phase
below 425 °C while fcc cobalt is the stable structure above this
temperature.>” For nanocrystals, these temperatures may have
to be revised due to the low spatial extension of the crystals
and the higher energetic contribution of the surface. In the
present work, we may consider as a first approximation that
hep Co is the kinetic product while fcc Co is the thermo-
dynamic one. This would explain in a satisfactory manner why
the introduction of the several heating plateaus (section 2.4,
Table 1 entry 5), providing more time for the intermediate to
evolve, effectively suppressed the formation of the Zcp phase.

So far, we have only discussed the reactions conducted with
1 equiv. of Co vs. Ni. This corresponds to a very large excess of
cobalt species vs. available surface nickel sites, a situation that
may favor the nucleation of cobalt inorganic compounds aside
the existing nanoparticles. In other words, thick shells of
cobalt are difficult to obtain when adding the whole amount
of the highly reactive cobalt precursor at the same time. The
use of a lower cobalt stoichiometry, down to 0.05, provides an
opportunity to propose a reaction mechanism regarding how
cobalt may cover the nickel nanoparticles (section 2.5, Table 1
entries 6 to 9).

Two points should be mentioned at this stage. First, Ni and
Co are miscible in our reaction conditions,*®>" meaning that
the formation of cobalt-nickel gradient into the NPs top layers
cannot be excluded. Second, a previous study by in situ anneal-
ing in STEM-EDS revealed that Ni and Co alloying starts above
440 °C, a temperature well above the reaction temperature.**
From these two facts, we retained a core-shell model for the
NiCo NPs produced in section 2.5, while assuming that there
could be a slight gradient at the interface of the Ni and Co.
This proposition is consistent with STEM-EDS mapping of the
nanoparticles (Fig. 7). Regarding the phase, only the fcc one
was obtained, regardless of the Co/Ni ratio, which is in con-
trast with another report using a higher reaction temperature
(280 °C) and a different protocol.>® Regarding the morphology,
at the lower Co/Ni ratio of 0.05, we expected from our geometri-
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cal model (ESI section 107) that a full monolayer of Co cannot
already be formed, as depicted on Fig. 9. When increasing the
stoichiometry of Co, it appeared that Co would start forming
islands on the NiCo NPs while also nucleating as larger nano-
particles in the solution. The shell produced under these reac-
tion conditions is thus not conformal to the starting nano-
particles, which is in agreement with previous observations
using slightly different synthetic parameters.'* The quantity of
larger nanoparticles increased sensibly when increasing the
cobalt stoichiometry, suggesting that the growth rate increases
with the nanoparticles diameter and that the ‘over growth’
process is intrinsically hard to avoid in this synthetic design.

Besides, we propose that the larger nanoparticles form due
to either a too high concentration of cobalt in the reaction
medium when using the higher stoichiometries, and also
possibly due to Ostwald ripening in the later stages of the
temperature program. Indeed, for Co/Ni = 0.5, the cobalt
would have to form at least 3 conformal monolayers if it was
homogeneously deposited (Fig. S71). Regarding this point, it
may be useful to remove amines from the medium, as it may
promote cobalt dissolution upon prolongated reaction times,>’
but this would mean a change in strategy for the first step of
the reaction (the synthesis of the Ni NPs). As another perspec-
tive, further optimization of the protocol could include a step-
wise addition of Co (inspired from the SILAR method for the
growth of quantum dots)’* or using continuous flow micro-
reactors® in order to obtain conformal core-shell nano-
particles with a single size-distribution. However, this will still
represent a challenge, in particular regarding the very high
sensitivity of the cobalt precursor, which decomposes rapidly
at room temperature even under strict inert atmosphere, and
the lack of colloidal stability of the NPs.

4. Conclusion

This work aimed to a better comprehension of the phenomena
leading to the formation of fcc nickel cobalt nanoparticles. The

This journal is © The Royal Society of Chemistry 2022
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apparently random presence of a Co hcp phase in the XRD of
these nanoparticles raised the question of the high sensitivity
of the protocol to small operating conditions. We tried to
rationalize such observation by studying the effect of different
parameters such as the amount of ligand or the heating
program for the formation of the cobalt shell. The amount of
TOP ligand utilized in this synthesis did not affect the crystalli-
nity of the final nanoparticles while it affected greatly their
shape and dimension. On the other hand, the use of a longer
heating program for the deposition of the cobalt shell allowed
the production of phase-pure fcc NiCo NPs.

Our experiments demonstrated that, when several tempera-
ture plateaus were used along with few equiv. of Co, the first
cobalt layer was effectively deposited onto the Ni Nps.
However, at higher Co/Ni ratio, thicker cobalt layer tended to
grow on top of existing cobalt layer, and the formation of a
second population of larger nanoparticles was observed as a
byproduct. The sole criterion of phase purity was therefore not
a good indicator of the final structure of the nanoparticles.
Finally, we rationalized these observations in relation with the
complexity of the reaction in terms of molecular species
appearing both at the first and second step of the reaction,
and we proposed a schematic growth mechanism for the
cobalt domains.

There is no doubt that a full understanding of this see-
mingly simple protocol has yet to be reached by varying
further operating conditions, such as the temperature of
addition of the cobalt precursor, the absolute influence of
cobalt concentration and possibly the use of alternative cobalt
precursors. Preliminary attempts concerning the first point
revealed that every degree counts when dealing with such
highly reactive precursor. On a more general note, we call for a
more systematic report of nanoparticles syntheses that are
highly sensitive to operating conditions, because robustness is
a key issue of nanotechnology developments.’*>® Although
these may have been so far flying under the radar, being some-
times considered as “negative results”, this will be enlighten-
ing to the community as an effort to strengthen our protocols,
and this will also be key to successful implementation of auto-
mated methods and analysis in NPs synthetic design, e.g
using Al technologies. Moreover, our work suggests the rele-
vance of more comprehensive studies of phase control for
metallic core-shell nanoparticles that may adopt several com-
bination of phases, in order to further exploit the catalytic and
magnetic®" properties of these objects.
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