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ransition metal phosphides have at-
Ttracted much interest in the recent

years for their potential in magnetic
recording media, catalysis, and as anode
materials in lithium ion batteries.'? Espe-
cially in batteries, nanostructuration of the
active material in the electrodes can intro-
duce improvements with respect to bulk
materials in terms of charge/discharge cy-
cling and rates>"® Several efforts have
been made to prepare nanoparticles of
transition metal phosphides, and the most
promising results were obtained with the
solution-phase high-temperature decom-
position of organometallic molecular pre-
cursors, which yielded spherical, rod-like
and hyperbranched cobalt, nickel, iron,
vanadium, and manganese phosphide
nanoparticles,” "> while CusP nanoparti-
cles had been prepared almost exclusively
by ball milling,” ceramic,>'® and solid—
vapor'’ or solvothermal approaches.'® %2
CusP is interesting as it could represent an
air-stable and an environmentally friendly
material in light and high capacity anodes
since it has theoretical gravimetric capaci-
ties which are slightly higher than those of
graphite but volumetric capacities more
than three times larger than graphite
(3020 mAhcm 3 for CusP and 830 mAhcm 3
for graphite).?>**

In 2007, an alternative method for the
synthesis of metal phosphide nanoparticles
was reported by the groups of Schaak and
Chiang®~® and consisted of a sequence of
reactions in which, first, metallic nanoparti-
cles were formed and, later, they were
phosphorized with alkyl phosphines. The
method was initially tuned for Ni,P nano-
particles and later generalized to other
transition metals, thus becoming the first
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ABSTRACT We describe two synthesis ap-

proaches to colloidal CusP nanoaystals using
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trioctylphosphine (TOP) as phosphorus precur-
sor. One approach is based on the homogeneous
nudeation of small CusP nanocrystals with
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hexagonal plate-like morphology and with sizes that can be tuned from 5 to 50 nm depending

on the reaction time. In the other approach, metallic Cu nanocrystals are nucleated first and

then they are progressively phosphorized to CusP. In this case, intermediate Janus-like dimeric

nanoparticles can be isolated, which are made of two domains of different materials, Cu and CusP,

sharing a flat epitaxial interface. The Janus-like nanoparticles can be transformed back to single-

arystalline copper particles if they are annealed at high temperature under high vacuum conditions,

which makes them an interesting source of phosphorus. The features of the Cu—CusP Janus-like

nanoparticles are compared with those of the striped microstructure discovered more than two

decades ago in the rapidly quenched Cu—CusP eutectic of the Cu—P alloy, suggesting that other

alloy/eutectic systems that display similar behavior might give origin to nanostructures with flat,

epitaxial interface between domains of two diverse materials. Finally, the electrochemical properties

of the copper phosphide plates are studied, and they are found to be capable of undergoing

lithiation/delithiation through a displacement reaction, while the Janus-like Cu—CusP particles do

not display an electrochemical behavior that would make them suitable for applications in batteries.

KEYWORDS: nanoparticles - Janus-like particles - copper phosphide -
transmission electron microscopy - electron tomography - electrochemical

lithiation properties

valuable approach for the preparation of
size-controlled and soluble CusP particles
in the nanosize regime.?” The metallic
nanoparticles obtained in the first step
retained their size and shape upon phos-
phorization, and hence a good control over
the metal growth guaranteed narrow size
distributions of the corresponding phos-
phide nanocrystals. Often the phosphoriza-
tion process has been found to proceed via
the Kirkendall effect,®*° by which large
enough metal nanoparticles lead to hollow
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structures, while slight modifications of this procedure
yield “non-hollow” phosphide nanoparticles.?®

Here we report two “one-pot” approaches for the
preparation of colloidal CuszP nanocrystals, one of
which is also capable of yielding Janus-like Cu—CusP
nanoparticles. In the first approach (Scheme 1a), CusP
nanocrystals with hexagonal plate-like shape and
sizes tunable from 5 to 50 nm were synthesized via a
direct, homogeneous nucleation of small CusP nuclei,
which could be grown bigger with longer reaction
time. In the second approach (Scheme 1b), CusP
nanocrystals were obtained still using a one-pot synthe-
sis in which first Cu nanocrystals were first formed, then
phosphorized over time to CusP. In this case, the forma-
tion of hollow nanostructures was never observed,'?®
while instead we always found dimeric Janus-like
nanoparticles as intermediates, with one domain made
of Cu and the other made of CusP, the two domains
sharing a flat epitaxial interface. In this case, the inter-
mediate CusP domains in the Janus-like nanoparticles
and the final CusP nanocrystals exhibited a truncated
hexagonal bipyramidal habit. If annealed at high tem-
perature and under high vacuum, the Janus-like nano-
particles were dephosphorized, and thus transformed
back to single nanocrystals of metallic copper. Such
feature suggests a possible use of these nanoparticles
as phosphorus sources.

We studied the electrochemical lithiation of both the
CusP nanoplates and the Cu—CusP Janus-like particles
and found that the lithium ions can be reversibly
intruded and extruded from the phosphide nano-
plates, following a reversible displacement reaction
(between lithium and copper ions) that makes them
an attractive material for applications in lithium ion
batteries. On the other hand, the electrochemical prop-
erties displayed by the Janus-like nanoparticles with
respect to lithiation were remarkably different, due to
the presence of large copper domains.

RESULTS AND DISCUSSION

In both synthesis approaches that we followed, a
mixture of 3 g of trioctylphosphine oxide (TOPO)
and the desired amount of trioctylphosphine (TOP)
was degassed in a reaction flask for 2 h at 150 °C
under vacuum and then put under inert atmo-
sphere at 370 °C. In a second flask, a solution of
CuCl (0.4 mmol), oleylamine (2.4 mmol), and octy-
lamine (2.4 mmol) was prepared under inert atmo-
sphere and then heated at 180 °C for 2 h to get a
clear solution, after which it was cooled to 150 °C
and its content was rapidly injected via a syringe
into the first reaction flask. The resulting mixture
was kept at 350 °C for the desired time and then
cooled to room temperature.

In the syntheses, the relative amounts of TOP and CuCl
dictated whether direct nucleation of CuzP nanocrystals
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Scheme 1. Sketches of the two synthesis approaches to
CusP nanocrystals. Approach (a) is based on the direct,
homogeneous nucleation of platelet-shaped CuzP nano-
crystals, which then grow over time. In approach (b), first
Cu nanoparticles are grown, and then they are progres-
sively phosphorized to CusP Janus-like particles in which
the volume fraction of the truncated bipiramidal CusP
domain increases over time.

20 nm

Figure 1. TEM images documenting the direct formation
of CusP nanoplates in solution when working at a TOP:Cu
molar ratio of 11:1. Images refer to aliquots recovered
after (a) 10 s, (b) 2 min, (c) 15 min, and (d) 25 min of reac-
tion. The scale bar is 50 nm for the panels and 20 nm for the
inset. (e,f) HRTEM images of CusP nanoplates after 10 s and
25 min of reaction, respectively. In both cases, the nano-
crystals show a structure clearly ascribable to the hexago-
nal CusP phase.

occurred, followed by their growth (first approach), or
alternatively, first Cu nanocrystals were formed and
then converted into CusP (second approach). Direct
nucleation of CusP nanocrystals, with no apparent
intermediate formation of Cu nanocrystals, was ob-
served when 2 mL (1.66 g) of TOP or more was added,
which corresponds to a TOP:Cu molar ratio of at least
11:1. A typical time evolution of the CusP nanoparticles
is displayed in Figure 1a—d, which reports transmission
electron microscopy (TEM) images of aliquots taken at
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different times. Small CuzP nuclei, with sizes around
~5 nm and hexagonal shape, were observed already a
few seconds after injection (Figure 1a). After 2 min
(Figure 1b), nanocrystals with hexagonal plate-like
morphology were observed, and the morphology
was retained for longer reaction times (Figure 1c,d),
during which the nanocrystals became bigger (they
typically reached 50 nm after 30 min). Therefore, the
final size of these plate-like nanocrystals could be easily
controlled by the total reaction time.

When the amount of TOP was increased from 2 mL
to 3 and 4 mL, a faster nucleation and growth occurred.
After less than 1 min of reaction, a polydisperse
product in which many particles were already 50 nm
big was observed. These observations could suggest
that after an initial short burst of nucleation, and once
the concentration of monomers is below the nuclea-
tion threshold, the further growth of CusP nanocrystals
probably proceeds via diffusion of monomer species
following the Ostwald ripening mechanism:*°~32 small
particles will gradually dissolve to form new monomer
species that will diffuse to the surface of the largest
nanocrystals, thus increasing the size of the latter. In
agreement with this mechanism, the polydispersity of
the CusP samples has been observed to increase with
the average crystal size: a defocusing ripening char-
acteristic of the Ostwald ripening mechanism is en-
hanced upon increasing the TOP amount. Variations in
the amount of TOPO instead did not have a major
effect on the nucleation and growth rates, suggesting
that TOPO behaved more like a solvent, while TOP was
the main source of phosphorus. This is in agreement
with the observations of Tracy and co-workers for Ni,P
nanocrystals.3® The nanocrystals had CusP hexagonal
structure (space group P63cm), as confirmed by high-
resolution TEM (HRTEM, Figure 1e,f) and XRD pattern,
reported in Figure S1d (Supporting Information). These
nanoplates tended to form columnar stacks on the
carbon support film upon evaporation of the solvent
(Figures 1d and S1a—c), as previously found by various
groups on disk-like particles of other materials.>>3*

When instead a volume of TOP of less than 2 mL was
used (for example, 1 mL, corresponding to a TOP:Cu
ratio of 5.6:1), first Cu nanoparticles were formed, most
likely due to a reduction of Cut by the alkylamines
present. Over time, these Cu particles reacted with TOP
and were slowly converted to CusP. A typical time
evolution of the synthesis is reported in Figure 2, which
displays TEM images of aliquots taken at 4, 10, 25, and
45 min of reaction time (i.e., after the injection). At 10
and 25 min, particles composed of two domains of
different electron contrast were clearly discerned.
Especially in the aliquot at 25 min, each Janus-like
particle was formed by one hemispherical domain and
one faceted domain. In the aliquot at 45 min, only
faceted particles were found. The XRD pattern of these
Janus-like particles evidenced peaks arising from both
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Figure 2. (a—d) TEM images documenting the formation of
Cu nanoparticles and their progressive phosphorization
when working at a TOP:Cu molar ratio of 5.6:1. Aliquots
were collected at the following reaction times: (a) 4 min, (b)
10 min, (c) 25 min, (d) 45 min. The scale bar is 50 nm for the
panels and 20 nm for the insets. (e) XRD pattern of the
powder sample of Janus-like particles shown in panel c. Bulk
reflexes of Cu and CusP are also displayed. As a note, also in
this second reaction mechanism, the relative amount of
TOPO (ranging from 2 to 4 g) did not have any effect on the
chemical conversion of Cu into CusP, which confirms the
role of TOP as the phosphorus precursor.

metallic Cu and CusP (Figure 2e), as indexed according
to the JSPDS card Nos. 03-1018 and 71-2261, respec-
tively. Previous works by Wang et al. and Muthuswamy
et al. have already reported the importance of the TOP/
metal ratio for the preparation of the stoichiometric
phosphide in the case of Ni,P.3>% In those cases, high
TOP/Ni ratios were required for the formation of solid
Ni,P or mixtures of P-rich Ni,P, phases, similar to our
observations in the direct growth of CusP plate nano-
crystals. Oppositely, when using low TOP/Ni ratios,
the authors of both works observed the formation of
metallic Ni nanoparticles in a first step, in agreement
with our experiments under similar TOP/Cu ratios that
led to crystalline Cu nanocrystals. However, both
authors report on the transformation of such Ni nano-
particles into hollow Ni,P nanocrystals upon thermal
annealing in solution. The Kirkendall effect was respon-
sible for this transformation, during which the outward
Ni diffusion rate was faster than the inward P diffusion
rate with respect to the core of the metallic particle.
This phosphorization mechanism generally leads to
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Figure 3. HRTEM and EFTEM images displaying the evolu-
tion of Cu—CusP nanocrystals obtained by phosphorization
of the Cu nanoparticles after (a,c) 10 min and (b,d) 45 min of
reaction. (a,b) HRTEM images of a particle representative of
each sample. (c,d) EFTEM zero-loss images of the two
samples, with their inset showing P (green) and Cu (red)
EFTEM maps of the same zones.

centrosymmetric hollow structures like the ones re-
ported by the works of Wang et al. and Muthuswamy
et al. On the contrary, in the case of our CuzP nano-
crystals obtained through the phosphorization process
of initial metallic Cu particles, the Kirkendall effect has
never been observed to take place. Alternatively, an
epitaxial phosphorization process has been observed,
as will be described later, which led to Janus-like par-
ticles instead of hollow nanostructures.

HRTEM analysis (Figure 3a) confirmed that in the
Janus-like particles the spherical domain was Cu, with
face-centered cubic (fcc) crystalline structure (space
group Fm3m), while the faceted domain was CusP,
with crystal lattice ascribable to hexagonal CusP.
HRTEM analysis (Figure 3b) on the particles recovered
at later times indicated instead that they were CuszP
nanocrystals, with no more Cu domains attached to
them. Within the intrinsic limitations of the Energy
Filtered TEM (EFTEM) reported in literature,”® the
EFTEM images (insets of Figure 3c,d) mapped the
spatial distribution of copper (red) and phosphorus
(green) in these two samples, in agreement with the
structural identification of the domains composing the
nanostructures provided by HRTEM.

These morphologies suggest that the phosphoriza-
tion most likely proceeds via the nucleation of a small
CusP domain only on one site on the surface of the initial
Cu nanocrystals, which then extends progressively from
that region to the whole nanocrystal. Kinetic factors,
such as an inhomogeneous coverage of the particle
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Figure 4. Evolution of the initial copper nanocrystals after
25 min of phosphorization, leading to the formation of
Janus-like Cu—CusP heterostructures. (a) EFTEM zero-loss
images of the sample, with inset showing P (green) and Cu
(red) EFTEM maps of the same zone. (b) Three-dimensional
volume reconstruction and (c,d) HRTEM images of the
dimers. The lighter part of each dimer is the one constituted
by copper. The Cu and CusP domains are attached following
two types of epitaxial relationships: (c) CuzP(411)//Cu(221)
together with CuzP(011)//Cu(110) and (d) CusP(104)//
Cu(133) together with CusP(010)//Cu(321) (interface and
vector alignment relationship, respectively). (e,f) Recon-
struction of the crystalline shape of the structures shown
in (c) and (d), respectively.

surface by the surfactants, could be responsible for that.
If all facets of Cu nanocrystals were equally available to
the P precursor, the phosphorization reaction would
probably proceed in a centrosymmetric way, leading to
a Cu@CusP core—shell morphology. If instead certain
facets are more exposed to the reaction medium than
others, the phosphorization will initiate more easily from
there, and Janus-like particles will be formed, like the
ones observed here. However, thermodynamic reasons
cannot be ruled out, as, for instance, the presence of
certain epitaxial interfaces between the Cu and CusP
domains that would minimize the energy and would
then become preferential (the structural characterization
of the observed epitaxial interfaces is discussed later).
Hence, as soon as an active site is found for TOP to react
on the surface of a Cu nanocrystal, further phosphoriza-
tion will proceed only from that site. Also, it is remarkable
that in the present phosphorization scheme of a Cu
nanocrystal there appears to be no large unbalance in
the relative diffusion rates of Cu and P species, which
would have yielded hollow CusP structures if, for exam-
ple, P were diffusing much slower than Cu species.®®

VoL 6 » NO.1 = 32-41 = 2012 ACPNJANI)

WWww.acsnhano.org

35



To better understand the mechanism leading to the
formation of the CusP nanocrystals obtained by pro-
gressive phosphorization of Cu nanoparticles, an in-
depth TEM analysis of the intermediate steps of reac-
tion was carried out. Figure 4 displays the results of this
analysis, including HRTEM, EFTEM, and electron tomo-
graphy (ET). The latter was performed using high-
angular annular dark field (HAADF) imaging in scann-
ing TEM (STEM): as in this mode the intensity depends
on 72, the STEM-HAADF is very effective in distinguish-
ing materials with different mean atomic number. In
particular, Figure 4b displays the 3D volume recon-
struction of the dimeric Janus-like heterostructures
as obtained by ET analysis, where the lighter part of
each Janus particle is that made of metal copper. A
short movie showing the space rotation of the sample
shown in Figure 4b is reported as part of the Supporting
Information.

Moreover, via a detailed analysis of HRTEM390 (see
Figure 4c,d) data of several Cu—CusP heterostructures,
we identified two distinct epitaxial growth processes of
CusP on Cu occurring during the phosphorization of
the Cu nanocrystals. In both cases, the Cu3P(300) lattice
planes were found aligned with the Cu(111) lattice
planes along the epitaxial interfaces according to the
following crystallographic relationships:

CusP(411)//Cu(221) and CuzP{011)//Cu(110) (1)

CusP(104)//Cu(133) and CusP(0T0)//Cu321)  (2)

where the left terms represent the interface alignment
and the right terms represent the vector alignment. In
particular, for the former epitaxial rule, the angular
mismatch between the CusP(300) and Cu(111) lattice
planes was 11°, whereas for the latter, the Cu3P(300)
and Cu(111) lattice planes were perfectly parallel. For
each epitaxial relationship, the lattice mismatch was
calculated considering the projections of the main
lattice planes CusP(300) and Cu(111) onto the corre-
sponding epitaxial interfaces. We can define the lattice
mismatch (m) between two lattice sets along a certain
direction as follows:

m = | d1*d2 | /05(d1+d2)>< 100%

In the expression above, d; and d, represent the
projected lengths of CusP(300) and Cu(111) lattice
planes onto their corresponding epitaxial interfaces;
m was calculated to be 0.9 and 0.5% for the epitaxial
relationships 1 and 2 reported above, respectively,
which indicates a good fit of the two crystalline
domains composing the Cu—CuszP heterostructures
that have commensurate misfit along the epitaxial
interfaces. By combining HRTEM and 3D volume re-
construction resulting from electron tomography
analysis, we could determine both the epitaxial rela-
tionships between the two domains composing the
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heterostructures and their crystalline habit as dis-
played in Figure 4e,f, where we reported the sketches
of the nanocrystals imaged in Figure 4c,d, respectively.
When the reaction was carried out until complete
phosphorization, the final CusP nanocrystals had trun-
cated hexagonal bipyramid habit, which is different
from the plate-like habit of the nanocrystals synthe-
sized by direct nucleation of CusP. This can be further
observed in the short movie showing the space rota-
tion of the same zone imaged in Figure S2 and
reported as part of Supporting Information.

The Cu—CuszP eutectic in the Cu—P bulk alloy is well-
known in metallurgy and has been studied extensively
in the past,*' and it is interesting to recall that in 1988
Selke et al.*? rapidly cooled bulk Cu—P alloys at 15% P,
close to the Cu—CusP eutectic point (15.7% P), and
found a microcrystalline lamellar structure of alternat-
ing Cu and CusP layers with preferential orientation.
The lamellae were stacked according to the planar
orientation relationship CuzP(010)//Cu(111) and with
epitaxial interface parallel to Cu(111) and CuzP(010)
lattice planes. These relationships, which according to
the authors should minimize the interfacial energy, are
different however from those we found in the Janus-
like Cu—CuzP nanocrystals. We observed instead a
perfect parallelism between the CusP(300) and Cu(111)
lattice planes for one orientation relationship but not
for the second one, where the CusP(300) and Cu(111)
lattice planes are slightly misaligned. Besides, the
epitaxial interfaces in our Cu—CusP dimeric hetero-
structures were tilted with respect to the CusP(300)
and Cu(111)lattice sets, and this was observed for both
1 and 2 (see above) orientation relationships, which is
clearly different from the quenched Cu—P alloys.

The above differences can be rationalized in terms of
the remarkably different conditions in which the two
types of heterostructures were prepared. The forma-
tion of a eutectic requires the initial melting of the
components and the subsequent solidification of the
alloy below the eutectic temperature, which in the
specific case of the Cu—P system is 714 °C. It is well-
known that nanoparticles have in general lower melt-
ing temperatures, compared to those of the corre-
sponding materials in their bulk form. However, even
if it is very likely that the nanoparticles have eutectic
temperature lower than 714 °C, we can assume that
such a temperature should be still higher than the
maximum one (370 °C) involved in our nanocrystal
syntheses. Moreover, rapid cooling of the Cu—CusP
eutectic by Selke et al. led to a spinodal decomposition
process, with possible volume constraints in the evolu-
tion of the lamellar phase, which could have imposed
the kinetically driven formation of only specific sets of
interfaces. In our case, the phosphorization of Cu
particles occurred in the solution phase; therefore,
the nucleation and growth of CusP crystals most likely
proceeded without volume constraints, so that their
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growth was favored along those crystallographic direc-
tions that minimized the most the interfacial energies,
as suggested by the reported low mismatch values
measured in the Cu—CusP nanocrystals.

One aspect that Cu—CusP eutectic in the bulk alloy
and our nanoparticles certainly have in common is the
evolution of extended and flat interfaces between
the Cu and CusP domains. This indicates that, despite
the markedly different experimental conditions, in the
Cu—CusP system there is preference for development
of specific sets of low-energy interfaces over ill-defined,
defective interfaces. This concept, if extended to other
alloy/eutectic systems that exhibit similar behavior,
might help to predict the formation of nanoscale hetero-
structures with flat, epitaxial interface between domains
of two different materials.

In order to investigate the thermal stability of the
Janus-like particles, a HRTEM in situ annealing study
was performed on the Janus-like Cu—CusP particles
drop-cast onto a MEMS microheater.*® After annealing
at temperatures between 400 and 500 °C, the CusP
domains were found to transform into Cu, as shown in
Figure 5a,b, so that homogeneous, single-crystalline
Cu particles were obtained, due to a dephosphoriza-
tion caused by the evaporation of P into the vacuum.

At all considered temperatures, the Cu particles
were still crystalline and no melting was observed.
The smaller Janus-like particles were found to dephos-
phorize at lower temperatures and after shorter time
durations than larger particles. After heating at a tem-
perature of 500 °C for 60 min, any remaining Janus-like
particles (with CusP domains) were typically those
larger than 15 nm. When the samples were heated
between 100 and 200 °C, a number of Janus-like
particles exhibited a peculiar behavior: in CuszP domain,
a pattern of atomic columns was visible which did not
correspond to Cu, neither to the hexagonal CusP
structure, as displayed in the HRTEM image reported
in Figure 5c. Instead, it showed a typical [110] projec-
tion of a fcc-type structure. When assuming that the
CusP variant is cubic, the lattice parameter for fcc-type
copper phosphide (CusPy ) can be estimated at 4.16 A.
Besides, from Figure 5c, the following orientation
relationship could be deduced:

CusPy _ {100} //Cu{170} and
CuxP1 _ xiec[0111//Cul112]

The planar alignment coincides with the orientation
of the interface, so that CusP;_,[100]//Cu [110] are
vectors normal to the interface, while CusP; _ 4 [0111//
Cu [112] are vectors parallel to the interface. These
findings indicate that the starting hexagonal crystalline
structure of the CusP domain changed into a fcc one,
being the main advantage of the presence of such a
new stacking that it creates a fcc-type CusP;_,{022}
spacing of 1.47 A in the plane of the interface: this is
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Figure 5. Evolution of the Janus-like Cu—CusP nanocrystals
due to in situ thermal annealing under vacuum, as per-
formed in the HRTEM. (a) Particles imaged at 450 °C, where
the dark domains are made of Cu and the lighter ones are
made of CusP; (b) same particles shown in (a), but after
annealing at 500 °C for 10 min: the particles are single-
crystalline and with the fcc copper structure. (c) Janus-like
particle after annealing at 150 °C. The Cu3P domain appears
to have a fcc-type crystalline structure oriented along the
[110] zone axis, with lattice parameter equal to 4.16 A. The
copper domain is oriented along the [111] zone axis.

compatible with the Cu{112} lattice spacing of 1.48 A,
and the cubic CusP,_, phase therefore fits much better
onto the Cu lattice. This structural change is most likely
associated with a variation of the Cu/P stoichiometry.
Interestingly, similar behavior was not observed in the
CusP nanoplates that, even if heated at 550 °C for more
than 30 min, did not dephosphorize. Due to this
experimental evidence, further investigations on the
formation and evolution of such a new CuzP,_, phase
will be subject of a dedicated paper.

One possible application of the nanoparticles devel-
oped in the present work is in lithium ion batteries, as
already pointed out in the introduction for this class of
materials. To this aim, we investigated the electrochem-
ical properties of the CusP nanoparticles prepared
following the first synthetic approach, which yielded
plate-like morphology. Cyclic voltammetry (CV) and
electrochemical impedance spectroscopy (EIS) were
employed to probe the lithiation and delithiation
behavior of the platelets. It is well-known from pre-
vious works that the lithiation process on CusP electro-
des leads to the formation of metallic copper upon a
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progressive displacement with Lit ions, and upon
delithiation, the extruded copper is reincorporated so
that the CusP phase is recovered. The process can be
represented as***

CuyP + xLieLiy,Cuy _ 1P+ Cu°

This quasi-reversible displacement reaction has
manifested in a reversible capacity around 370—380
mAh/g for CusP based nanostructures and thick films
reported so far.'”*® In our case, the CusP nanoplates
could easily be indentified in the random dispersions
from the sampled composite (85 wt %) used for
preparing the electrodes, due to the fact that their
plate-like morphology remained intact (see Figure 6b).
After the first discharge from 3.0 to 0.02 V on galvano-
static mode, the charge cycle was followed by the
impedance analysis in order to understand the pro-
cesses at the electrode, as reported in Figure 6a. The
cells were charged to different potentials, and the
electrode impedance was measured. The resulting
semicircles (inset of Figure 6a) in the high-frequency
region could be ascribed to the occurrence of the
charge-transfer process (due to the transfer of Li* ions)
through the electrode/electrolyte interface and the
presence of the solid electrolyte interface (SEl), fol-
lowed by the spike-like region at 45° in the lower
frequency region of impedance spectra that shows a
solid-state Li* ion diffusion in the electrode. At OCPs
(open circuit potential) below 1V, the electrodes had
pronounced semicircles that were greatly enlarged
upon delithiation as for CuzP at higher potentials. In
agreement with previous literature reports,'”** 4% at
reduction potentials below 1.0 V, the progressively
extruded Cuions appeared to be crystallized into metal
domains, while upon Cu intrusion, the initial CusP
phase was recovered. This seemed to occur at oxida-
tion potentials starting from 1.0 to 2.4 V (see Figure 6a).
This reversibility of Cu metal extrusion/intrusion upon
charge/discharge indicated that hexagonally close-
packed lattice of CusP nanoplates has the capability
to withstand the possible structural deformation
caused during cycles by the intrusion/extrusion of both
Cu and Li ions. Cyclic voltammograms (CVs), as re-
ported in Figure 6c¢, further illustrated the complex
nature of lithiation/delithiation processes which pro-
ceed through multiple steps on the CusP nanoplates.
From the CVs, the Cu displacement reaction with Li*
ions started from about 1.5 V versus Li and continued
when moving toward more negative potentials. There
were several peaks (indicating lithiation in different
steps) further in the cathodic scan followed by a strong
reduction peak centered at 0.4—0.3 V during the first
CV cycle (as reported in the inset), where most of the
Cu ions had been extruded from the hexagonal crystal
lattice as they were replaced by Li* ions. At 0.02 V,
about 3.5 Li" ions per CusP would be required to
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Figure 6. (a) Impedance spectra of the CusP electrode as the
function of open circuit potential (OCP); the inset is a
magnification of the high-frequency region. (b) CusP nano-
plates in the composite electrode. (c) Cyclic voltammogram
(CV) of second cycle at 0.5 mV s, illustrating the complex
lithiation process involving the CusP electrodes. The inset
reports the CV of the first cycle.

complete the displacement reaction and to achieve
complete reduction of copper to Cu® during the pro-
gressive lithiation. In the oxidation process, the sharp
peaks at 1.1, 1.3, and 1.5 and a shoulder at 1.8 V were
indicative of in-step Cu intrusion reaction to form CusP.
This is in good agreement with the impedance data on
a charge cycle above 2.0 V, where the progressively
enlarged semicircles indicate that the electrode resis-
tance increased as in the case of CusP. In the second
cycle (Figure 6c), most of the peaks were retained and
shifted slightly toward more positive potentials and
slowly stabilized in the successive cycles.

We additionally characterized the electrochemical
properties of the Janus-like Cu—CusP nanoparticles.
One motivation in this direction came from consid-
erations that a battery performance depends also on
the electronic conductivity of the electrodes and on
the interface between the electrodes and the current
collectors,'” and that one way to optimize these
features would be offered by hybrid nanocrystals in
which the metallic domain would improve electronic
conductance, as possibly in the case of the present
Janus-like dimers. In other words, nanostructured
electrodes where both an electroactive domain and
a robust metallic nanodomain are homogeneously
combined could be, in principle, ideal for effective and
lasting lithium ion batteries. In this regard, a previous
work on CusP by Villevieille et al. reported substantial
improvements in terms of cyclability when CusP nano-
particles were grown on metallic Cu nanorods working
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as current collectors, which was claimed to be due to
both the nanometric dimensions of the materials and
to the quality of the interface between them.'” How-
ever, as reported in Figure S3 of the Supporting
Information, the same CV analysis carried out on the
Cu—CusP nanoparticles was clearly indicative of irre-
versible electrochemical processes. Basically, a strong
reduction current in the cathodic scan was observed,
but on the oxidation process, almost no activity was
measured. The impedance analysis of a typical elec-
trode built from Cu—CusP nanocrystals indicated that
the resistance of the electrode increased irreversibly
from the second cycle. We ascribed this behavior to the
presence of the large metal copper domains, which
most likely cause irreversible alloying processes.

CONCLUSIONS

In conclusion, we have reported here two “one-pot”
approaches for the preparation of size-controlled CusP
nanoparticles within the 5—50 nm range. In the first
approach, plate-like CusP nanocrystals with hexagonal
structure were directly nucleated and could be easily
grown over time. Using this strategy, the usual proce-
dures that involve the preparation of copper nano-
crystals and their subsequent phosphorization could

METHODS

All reactions were carried out under nitrogen using standard
air-free techniques.

Chemicals. Copper chloride (CuCl, 99.999%), trioctylphospine
oxide (TOPO, 99%), and tri-n-octylphosphine (TOP, min. 97%)
were purchased from Strem Chemicals. Oleylamine (OLAM, 70%),
octylamine (OCAM, 99%), and toluene anhydrous (99.8%) were
purchased from Sigma-Aldrich. Ethanol absolute anhydrous was
purchased from Carlo Erba reagents. Oleylamine was degassed
using a standard Schlenk line under vacuum at 150 °C for 3 h and
then stored in a glovebox under inert atmosphere. All of the other
chemicals were used as received. Polypropylene microporous
matrixes were purchased from Cellguard. Li metal foils were
purchased from Goodfellow (UK). Lithium hexafluorophosphate
(battery grade, =99.99%), ethylenecarbonate, diethylcarbonate,
N-methyl-2-pyrrolidone, polyvinylidenedifluoride (PVDF), and
carbon powder were purchased from Aldrich. All of the solvents
used were degassed and handled in the glovebox.

Synthesis of CusP Nanocrystals. A solution of CuCl (0.4 mmol),
oleylamine (2.4 mmol), and octylamine (2.4 mmol) was pre-
pared under inert atmosphere and then heated at 180 °C for2 h
to get a clear solution. A mixture of 3 g of TOPO and 2 mL of TOP
(Cu:TOP ratio 1:11.2) was degassed in a reaction flask for 2 h at
150 °C under vacuum using a standard Schlenk line. The copper
solution was then cooled to 150 °C and then rapidly injected into
the reaction flask at 370 °C. The reaction was heated at 350 °C for
the desired time and then slowly cooled to room temperature.
In the standard washing procedure used, the crude reaction
mixture is mixed with toluene and ethanol and centrifuged
(3200 rpm) for 10 min. The precipitate was dispersed in 1T mL of
toluene and sonicated for 5 min at 40 °C. After adding 5 mL of
ethanol, the dispersion was centrifuged for 15 min at 3200 rpm.
The cleaning procedure was repeated three more times to get a
clean product that was finally redispersed in toluene and kept in
a glovebox.

Phosphorization of Cu To Form CusP. A solution of CuCl
(0.4 mmol), oleylamine (2.4 mmol), and octylamine (2.4 mmol)

DE TRIZIO ET AL.

be avoided, and samples of nanostructured and size-
controlled pure CusP were obtained in a more repro-
ducible fashion. The electrochemical properties sug-
gested that the as-prepared CusP nanoplates could be
used as anode material in lithium ion batteries. The
second approach is in reality a modification of the
previous one and leads to the formation of Cu—CusP
Janus-like nanoparticles with interfaces that resemble
those found in rapidly cooled Cu—CusP eutectics.
Annealing of these Janus-like particles at tempera-
tures higher than 400 °C under vacuum starts a pro-
cess of dephosphorization of the CusP domain, which
first undergoes an hexagonal — fcc structural change
in the region at the interface with the Cu domain,
and is finally converted back to Cu upon complete
dephosphorization. Finally, an extensive character-
ization of both the CusP nanoplates and the Janus
particles was carried out, indicating that the CuszP
nanoplates could represent an attractive material for
applications in lithium ion batteries, due to their
cyclability properties in the lithiation/delithiation
process. On the contrary, the electrochemical beha-
vior displayed by the Janus-like nanoparticles indi-
cates that the presence of the larger copper domains
makes them unsuitable for applications in batteries.

was prepared under inert atmosphere and then heated at 180 °C
for 2 h to get a clear solution. A mixture of 3 g of TOPO and 1 mL
of TOP (Cu:TOP molar ratio 1:5.6) was degassed in a reaction
flask for 2 h at 150 °C under vacuum using a standard Schlenk line.
The copper solution was then cooled to 150 °C and then rapidly
injected into the reaction flask at 370 °C. The reaction was heated
at 350 °C for the desired time and then slowly cooled to room
temperature. To clean the product the same washing procedure
described above was used.

Electron Microscopy Characterization. Morphological, structural,
and compositional analyses were carried out by conventional
transmission electron microscopy (TEM), electron tomography
(ET) in scanning TEM (STEM), high-resolution TEM (HRTEM), and
energy filtered TEM (EFTEM) measurements. TEM images were
recorded on a JEOL JEM 1011 microscope, equipped with a W
electron source and operating at an acceleration voltage of
100 kV. Electron tomography in scanning TEM (STEM) working
in high-angle annular dark field (HAADF) mode, high-resolution
TEM (HRTEM), and energy filtered (EFTEM) measurements were
performed on a JEOL JEM-2200FS microscope, equipped with a
field emission gun (FEG) working at an accelerating voltage of
200 kV, an objective lens (OL) CEOS spherical aberration cor-
rector, an Omega energy filter. Energy filtered images were
acquired using a contrast aperture of about 10 mrad to reduce
aberrations (mostly chromatic). Chemical maps from P K (2146 eV)
and Cu L (931 eV) edges were obtained by acquiring three
images (one post-edge and two pre-edge), respectively, to
extract the background, with an energy slit of 60 eV for P and
40 eV for Cu. The reconstruction of the 3D shape of the samples
was performed by using the SIRT algorithm with 40 iterations.
The in situ annealing HRTEM analysis was performed on a cubed
FEI Titan microscope, equipped with a FEG gun, an OL CEOS
spherical aberration corrector and working at an acceleration
voltage of 300 kV. The in situ annealing HRTEM experiments
were performed on a thermal range from room temperature to
600 °C by a microelectronic mechanical system (MEMS) micro-
heater-based low-drift sample holder whose description is
reported in detail in ref 36. The samples for TEM analysis were
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prepared in a glovebox by depositing a few drops of a dilute
solution of nanocrystals onto carbon-coated Cu grids. The latter
were then transferred immediately into the microscope.

X-ray Powder Diffraction (XRD). XRD measurements were per-
formed with a Rigaku SmartLab X-ray diffractometer. Concen-
trated nanocrystal solutions were spread on top of a silicon
substrate, after which the sample was allowed to dry and was
then measured in parallel beam reflection geometry 260/©
using Cu Ka. wavelength. For phase identification, we used
PDXL software of Rigaku.

Electrochemical Characterization. All of the electrochemical
measurements were carried out using a PARSTAT2273 poten-
tiostat/galvanostat. The nanoparticles were washed several
times with a mixture of toluene and ethanol and dried under
N, for several hours. The electrodes were prepared by mixing
the dried nanoparticles with PVDF (wt % 85 in nanoparticle) in
N-methyl-2-pyrrolidone to form a homogeneous composite
paste. The paste was then coated onto the current collectors
and dried at 140 °C for several hours. Cell components for type
2032 button type were purchased from Hohsen Corporation
(Jp); 2032 cells were assembled in an Ar-filled glovebox, using
85 wt % of the active material as working electrode and Li metal
as both reference and counter electrode. A 1:1 mixture of
ethylenecarbonate and diethylcarbonate containing lithium
hexafluorophosphate served as electrolyte.
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