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wing to their unique tunable opti-
O cal properties colloidal semiconduc-

tor nanocrystals (NCs) or quantum
dots (QDs) hold great promise as photo-
luminescent materials,' and in applications
as diverse as electroluminescent devices,??
photovoltaic cells,* optics,” fluorescent tags,®”
among others.? Organic solvent and ligand
based hot-injection synthesis have been in-
tensively applied for the successful colloidal
synthesis of monodisperse NCs.'® However
a major drawback in the synthesis of pnic-
tide QDs, such as InP is the reliance upon
tris(trimethylsilyl)phosphine ((TMSi)sP) as
a phosphorus source,' which is expensive,
highly toxic, and hazardous in its handling,
transportation, and storage and hence
does not allow for ease of scaling up the
synthesis. In their earlier work, Henglein
et al. adopted the reaction of cadmium
ions with PHs in aqueous alkaline solution
to prepare CdsP, QDs;'*'® however, this
method does not provide high quality
materials in terms of crystallinity and uni-
form size distribution. Here we report a
means by which to combine the advan-
tages of hot-injection with those of a gas
flow based synthesis, that is, the high crys-
tallinity resulting from a high temperature
environment by employing high-boiling
solvents and the superior heat and mass
transfer characteristics facilitated through
the use of a gaseous reactant.'*'> This
synthesis employs ex-situ produced PH;
gas bubbling processes or gas multiple
injection-based method for the fabrication
of a number of important pnictide materi-
als focusing on cadmium phosphide QDs
as the paradigm.

Cadmium phosphide, a pnictide semi-
conductor possessing a small direct band
gap (0.55 eV at 300 K),'® a relatively high di-
electric constant (5.8)," large exciton Bohr
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The synthesis of nanoparticles using a gas—liquid interfacial reaction, which for the first time

is shown to result in highly monodisperse materials across a range of sizes, is presented. We

demonstrate, using cadmium phosphide as the paradigm that this synthesis method can

provide colloidal nanocrystals or quantum dots monodisperse enough so that for the first time

multiple transitions in their absorbance spectra can be observed. Clear evidence is given that

the resulting cadmium material is CdgP; and not Cd3P,, and a thorough investigation into the

role of temperature and growth time and their effects on the optical properties has been

conducted. This strategy can be extended to synthesize other relevant members of the binary

component pnictide semiconducting family, and the chemistry of the pnictide compound

formation using this synthetic methodology has been explained using the redox potential of

the metals. The suitability of the resulting cadmium phosphide quantum dots for applications

in light-emitting diodes (LEDs) has further been demonstrated.

KEYWORDS: gas—liquid interface reaction - cadmium phosphide -
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radius (~36 nm),'®2° and a small effective
mass of the electron (0.05 mg),2'~% has
been investigated in a variety of fields
such as synthesis, doping, and device
design.’>?32% Recently, interest in CdsP,
nanocrystals has been motivated by the
prospect of obtaining a material capable
of emitting from the visible (blue) to the
near-infrared (NIR).>>"%" Previously we
have reported that CdsP, QDs exhibit opti-
cal and (opto)electronic properties across a
wide spectral range and have excellent
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prospects for use as optically active components
throughout the UV and NIR regions due to their
uniquely wide tunable photoluminescence (PL) and
high quantum yield (QY) (~40%).2%**° Up to now,
methods developed for the synthesis of colloidal CdsP,
QDs are based mainly on thermolysis (phosphinolysis,
alcoholysis, hydrolysis) of hot organic precursors
such as homoleptic silylphosphido complexes, Cd[P-
(SiPh3)1,3%3" [MeCdPBuU,]5,>*** or employment of an
organometallic precursor, Me,Cd and HPBu,, in high
boiling solvents>* via hot-injection methods.

Herein, we have found that the process of bubbling
gas into the reaction mixture appears not to be at all
detrimental to the size distribution but rather even
seems to assist in its narrowing. The as-prepared
colloidal nanocrystals possess a well-defined and
narrow size distribution and tunable size-dependent
electronic and optical properties. In contrast to the
Henglein method employed for the synthesis of CdsP,
and CdsAs,,'*"3 or the aqueous bubbling synthesis of
CdTe QDs presented by Gaponik et al.*>3¢ this method
does not demand extra annealing steps of preformed
nanoparticles to endow the high crystallinity and
luminescence efficiency of the as-prepared cadmium
phosphide QDs. This strategy features a low-cost and
the potential for large-scale production, for example,
batches of colloidal nanocrystals were produced on a
scale of greater than 5 g in a laboratory-based one-pot
synthesis without the requirement for the applica-
tion of post-preparative, size-selective methodologies.
Compared to (TMSi)sP, PHs is less reactive and there-
fore provides a slower reaction rate allowing excellent
control over the final size of the material and thus the
ability to tune the fluorescence of the QDs across a
wide region of the spectrum, from the blue to the near-
infrared (460—1500 nm). From an industrial stand-
point, the speed at which the gas is generated and
supplied can be precisely controlled in a continuous
flow process, thereby safely increasing reaction yields.
These gas—liquid reactions are also more suited to the
usage of fixed or packed fluidized bed reactors, which
makes for compactness and low operating and main-
tenance costs.>’

RESULTS AND DISCUSSION

Figure 1a depicts X-ray diffraction (XRD) profiles of
batches of cadmium phosphide synthesized at 80, 150,
and 250 °C. It may be observed that the two main XRD
diffraction peaks appear at d-spacings of 0.306 and
0.217 nm from particles obtained at 250 °C. Because of
the close peak positions for the tetragonal (dpos =
0.310 nm, dio = 0.218 nm) and cubic (dyy =
0.306 nm, d4y, = 0.216 nm) forms of cadmium phos-
phide, the crystal structure cannot be determined
unambiguously from the XRD profiles alone. However,
employing high-resolution transmission electron mi-
croscopy (HRTEM) combined with energy-disperse
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X-ray (EDX) analysis, it can be observed that the
cadmium phosphide so prepared has in fact the cubic
structure (PDF card no. 22-0126, CdgP;). As may also be
seen, from Figure 1b,c, the CdgP5 particles obtained at
250 °C are monodisperse and spherically shaped with
an average particle size of 6.5 £ 0.3 nm and clearly
demonstrate that this synthetic method does indeed
yield colloidal nanoparticles of high quality. The results
of EDX analysis reveal the atom ratio of Cd/P to be
50.2:49.8 (Figure 1d), providing further support to the
material assignment as this atomic ratio is much closer
to the stoichiometry of CdgP; than that of CdsP..
HRTEM images show the interplanar spacing to be
approximately 0.53 and 0.31 nm, which correlates well
with the (200) and (222) planes of cubic cadmium
phosphide (Figure 1e). The fast Fourier transformation
(FFT) pattern of a multilayer of particles (Figure S1b and
S1c, Supporting Information) displays the diffraction
rings with a calculated d-spacing of 0.318 £ 0.002 nm
((311), (222)), 0.375 + 0.004 nm (220), and 0.220 +
0.004 nm (422). Smaller CdgP5 crystals could be synthe-
sized at lower temperatures or at shorter growth times.
A TEM image of CdgP; crystal seeds obtained at 120 °C
(Figure 1f) after 10 min of growth shows the mean size
of the resolved clusters to be below 2.0 nm. Evidence
for these smaller sizes may also be seen in the corre-
sponding XRD profile which displays broader peaks
compared to that of the sample synthesized at 250 °C
(Figure 1a).

The growth process of the CdgP; NCs was moni-
tored by UV—vis—NIR absorbance (Abs) and photo-
luminescence spectroscopy. Similar to those of the
standard hot-injection method,>>’ sharp, narrow Abs
(~450 nm) and PL (~460 nm) bands were observed
when the samples were synthesized at lower tempera-
tures (Figure 2a), the narrow peaks being attributed to
cadmium phosphide magic-size clusters (MSCs).?> As
the reaction time increases to 6 min, the narrow Abs
peak gradually weakens and finally vanishes, while an
Abs onset at ~640 nm appears. The corresponding
PL spectrum exhibits a band at about 675 nm, and
the band further shifts to longer wavelengths with
prolonged growth time, as one would expect. To
investigate the origin of the different emissions, photo-
luminescence excitation (PLE) measurements were
carried out with detection wavelengths of 460 and
675 nm being employed for these two samples.

As is shown in Figure 2b, the PLE spectra of the
sample with a reaction time of 2 min exhibits a sharp
valley recorded at ~450 nm, which resembles the
absorbance profile quite well. The PLE spectrum of the
6 min sample recorded at 675 nm consists of two onsets,
one at around 450 nm and the other at 650 nm (shown
by arrows in the enlargement in Figure 2b). This provides
evidence for the possible coexistence of MSCs and
nanosized species in this sample.?> The transformation
from MSCs to quantum dots with increasing reaction
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Figure 1. (a) XRD profiles; (b, c) TEM images; (d) the EDS spectrum of the sample in panel b; (¢) HRTEM image of the
CdgP; sample synthesized at 250 °C with 40 min growth-time; (f) TEM image of CdsP; clusters synthesized at 120 °C for

10 min.
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Figure 2. (a) Typical evolution of the Abs and PL spectra
(Aex. = 400 nm) of a crude solution of CdgP; NCs during a
synthesis at 120 °C. The peak at ~920 nm is the second
harmonic PL band of 460 nm. (b) PLE spectra recorded with
detection at 460 and 675 nm for the two samples reaction
time 2 and 6 min, respectively. (c) Abs and PL spectra of
CdeP; QDs synthesized at 250 °C with different growth time.
(d) Abs and PL spectra of CdgP; NCs synthesized at different
temperatures with fixed growth time of 20 min.
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time has also been observed when the synthesis was
conducted at higher temperatures. See for example
the sharp peaks at 450 nm in Abs and 460 nm present
in the PL spectra from the material reacted for 10 s at
250 °C (Figure 2c). These peaks however disappeared
within one minute, to be followed by the appearance
of the main Abs peaks in the NIR region. Three absorp-
tion peaks at about 1210, 990, and 835 nm could be
observed in the absorbance spectrum with the corre-
sponding emission peak centered at 1300 nm
(Figure 2c, blue dashed profile). We note that, to
the best of our knowledge, this is the first report on
multiple, clearly resolved electronic bands of cadmium
phosphide QDs**%” and is further evidence of the high
quality of the CdeP; QDs that can be prepared using
this methodology. In order to investigate the effects of
the temperature, the growth time was fixed and the
spectra of CdgP; QDs synthesized at different tempera-
tures monitored (Figure 2d). For the low temperature
sample, only the 460 nm-band associated with the
MSCs was in evidence. At higher temperatures (e.g.,
180 °C), the 460 nm-band disappeared and only a
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shoulder-like peak in the absorption spectrum could
be observed, indicating the presence of QDs. By in-
creasing the growth time at a temperature of 250 °C a
quite precise tuning of the emission wavelengths up to
1500 nm could be achieved. Hence, by controlling the
reaction temperature and growth time, the PL of the
QDs can be tuned across the spectral range from 460 to
1500 nm, where the NIR region is of special interest
for in vivo biological imaging and telecommuni-
cations.>®3° Moreover, it should be pointed out that
the emission range achieved here does not necessarily
represent the upper and lower bounds achievable with
this material using this synthetic strategy.

To determine if this methodology can be generally
applied for the preparation of other pnictide nanopar-
ticles, the anion was changed; for example, cadmium
acetylacetonate (Cd(acac),) or indium acetylacetonate
(In(acac)s) was dissolved in oleylamine (OLA) at 80 °C
and PH; injected into the Cd(acac), or In(acac)s/
oleylamine solution. Cadmium phosphide and indium
phosphide NCs were again obtained (synthetic proce-
dures are provided in the Supporting Information
section 2). The Abs, PL, and PLE spectra of both NCs
obtained from Cd(acac), and In(acac); are displayed in
Supporting Information, Figure S2a,c demonstrating
that photoluminescence can be obtained although the
synthetic procedures were not optimized for these
particular trials. The corresponding TEM image and SAED
pattern are shown in Supporting Information, Figure
S2b,d, which indicate a uniform distribution of nano-
crystals (see Supporting Information). By using other
cationic precursors such as nickel acetylacetonate
(Ni(acac),), cobalt acetylacetonate (Co(acac),), and iron
acetylacetonate (Fe(acac)s), NiP, Co,P, and FeP nano-
crystals could be synthesized (synthetic procedures
are given in the Supporting Information, and again
no attempt has thus far been made to optimize
the synthesis of these materials). The TEM images
and XRD profiles for the Co,P, Ni,P, and FeP, NCs are
presented in Supporting Information, Figure S3. By
replacing PHs with AsHs, and injecting into a cadmium
oleate/ODE solution, high-quality cadmium arsenide
NCs could also be prepared.

It has been proposed that the mechanism of particle
formation is via the redox-neutral*® conversion of
preformed metal species into metal phosphides by a
solution-mediated reaction.*' As previous studies sug-
gested, polycrystalline InP particles can be synthesized
via a solvothermal method where molten nanoparti-
cles of metal indium react with atomic phosphorus
yielding InP crystals or hollow spheres at temperatures
of around 200 °C.*"~*3 Floch et al. postulated that the
reaction between a metal center in a “zero” oxidation
state, bearing labile ligands, and P, allows for succes-
sive metal-insertion in P—P bonds leading to the
desired metal phosphide in a stoichiometric manner.*?
In addition Qian et al. have shown that yellow
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phosphorus (P,) can be used as a phosphorus source
in the preparation of Co,P, Ni,P, and CusP, and it was
indicated that the metal phosphide compounds were
synthesized via the reaction of colloidal metal with
phosphorus precursors (TOP, red or white phosphorus,
PH3, and PCl3). In this case the metal droplets do not act
as a catalyst but rather as a reactant and they are
completely consumed during the reaction.”* *” Up
to now, a variety of 3d, 4d, and 5d transition metal
phosphide nanocrystals, including Ni,P, PtP,, Rh,P,
Au,Ps, PdsP,, PdP,*" Fe,P, FeP,*® and NisP,*° are
accessible via the solution-mediated reaction of pre-
formed metal nanoparticles with phosphorus precur-
sors. It is therefore possible that in the synthesis
presented here dimers or other phosphorus ions such
as PH,", P,™, Ps ", P;T, and their mixtures are formed
through the pyrolysis of PH3 in the presence of oxygen
containing cadmium oleate;*® that is, PH; reduces
cadmium oleate while it itself is oxidized to the P,
species.”® The cadmium metal may then combine with
the phosphorus species and generate cadmium phos-
phide (CdeP). To probe the redox-neutral mechanism,
electron paramagnetic resonance (EPR) was employed.
Owing to the difficulty in measuring samples in real-
time, that is, during the ongoing reaction in the pre-
sence of gaseous PHs, cadmium phosphide NC solu-
tions after termination of the reaction were measured
(cadmium phosphide NCs dissolved in toluene ob-
tained before and after purification, see Supporting
Information, Figure S4 for spectrum). Although clear
signals attributable to intermediate P, " species were
not detected in the samples, signals with a g-factor of
4,97, which are due to unpaired electrons from the
transition metal, were however observed. These can be
assigned to a cadmium species that has been partially
reduced.’'>? This result is also further testimony to the
material prepared being that of CdgP; rather than
CdsP,, as perfect Cd*+ crystals (CdS, CdO, or CdsP,)
are not expected to exhibit EPR signals.>®

Similarly to cadmium, indium acetylacetonate can
also be reduced by PH3,>* and elemental metals (In°)
formed in this reaction are much more active than their
highest oxidation state compounds,* as may be
gleaned from their immediate reaction with the phos-
phorus species. It has been shown that solutions of
cadmium oleate in ODE under inert atmosphere (N,)
and high temperatures can easily be reduced without
the requirement to add reducing reagents. During the
heating of a suspension of CdO, oleic acid, and ODE,
the system first becomes colorless due to the forma-
tion of cadmium oleate; however, as the time of
heating progresses, the clear solution turns cloudy
and deposits a metallic film on the inside surface of
the flask (cadmium-mirror, see the photographic
images in Supporting Information, Figure S5). XRD
diffractograms taken of the deposit contain peaks
that can be attributed to Cd metal (JCPDS: 01-1175).
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It therefore seems reasonable to suggest that two
oleates condense forming the corresponding ketone
at 270 °C, in a reaction known as decarboxylative
coupling or ketonization.>> Moreover, the presence of
PH; facilitates the reduction of cadmium oleate. How-
ever, in the case of zinc oleate/ODE or manganese
stearate/ODE solutions bubbled with PH5, no reaction
was observed even at 300 °C. This indicates the
difficulty of reducing zinc oleate or manganese stea-
rate in ODE solution (ygz,,u,Zn =-0.76V, ’)/QMnu/Mn =
—1.185V, vs SHE, in water, 1 M, 298.15 K, 101.325 kPa),
and hence does not allow for obtaining zinc phosphide
or mangansese phosphide via this method. As PH; can
reduce cadmium oleate and indium acetylacetonate
but not zinc oleate or manganese stearate it can be
concluded that only those metal precursors that can be
reduced by PH; can be used to produce the corre-
sponding metal phosphides using this method. To
examine this notion, a number of other transition metal
candidates such as cobalt, iron, and nickel, whose
standard redox potentials lie close to that of cadmium
(¥Zcqz+/ca = —0.403 V vs SHE), or within the range —0.5
t0 —0.2V, (¥%corisco = —0.28 V, ¥Zreri/re = —0.447 V,
')/QNiH/Ni = —0.257 V vs SHE) were tested to determine
if they could also be reduced by the PH3/P, couple, and
they could be. However when the standard redox
potential is even lower, for example, lead oleate, whose
standard redox potential is —0.126 V vs SHE, was
reduced by PH; completely and, as the Pb° particles
formed are not reactive enough to react with
phosphorus,®® only Pb metal nanoparticles were ob-
tained. The XRD profile and TEM image of the product
is presented as Figure S6 of the Supporting Information.

To assess the suitability of the CdgP; nanoparticles
for their application in light-emitting diodes (LEDs),
red-emitting CdgP; NCs were deposited onto an ITO
glass substrate using dip-coating. Preliminary results
show that the LED based on the CdgP; NCs emits at a
turn-on voltage of ~5.0 V. The corresponding electro-
luminescence (EL) spectrum acquired at room tem-
perature is shown in Figure 3. Compared with the PL
spectrum of NCs in a film, the EL profile exhibits
a broader full width at half-maximum but remains

EXPERIMENTAL METHODS

Chemicals. Cadmium oxide (99.99%, CdO), calcium phos-
phide (=8% active phosphorus (P) basis, CasP,), cadmium
acetylacetonate (99.9%, Cd(acac),), oleic acid (90%, OA), tri-
octylphosphine oxide (90%, TOPO), 1-octadecene (90%, ODE),
oleylamine (70%, OLA), methanol (98%), isopropyl alcohol
(=99%), toluene (99.8%), tetrahydrofuran (=99%, THF), and
tetrachloroethylene (=99%, TCE) were purchased from Sigma-
Aldrich and used without further treatments.

Synthesis. Cadmium phosphide QDs were synthesized using
ex-situ produced PHs gas that was bubbled through Cd(OA),/
ODE solution. Similar to the setup reported in ref 14, the
synthesis of Cd¢P; QDs was conducted in a four-necked flask
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Figure 3. Room temperature EL spectrum of the CdgP; QDs-
based LED and PL spectrum of a CdgP; QD film.

centered at about the same wavelength maximum
intensity position. The reason of this spectral change
can be attributed to energy transfer>” and/or dielectric
dispersion,®® which leads to reabsorption of a portion
of the EL within the nanocrystal layer.

CONCLUSION

A facile and general strategy for synthesis of metal
phosphide nanocrystals has been developed. The
method benefits from its simplicity, low cost, and high
throughput, which overcomes many of the problems
associated with small lab-scale methods. Owing to the
gas-based reaction, the growth rate is slower when
compared to the standard organic-based hot-injection
synthesis route and therefore enables precise size
control of the resulting nanoparticle materials. Cad-
mium phosphide was presented as a model material,
demonstrating uniform size distribution, with well-
resolved excitonic transitions being observed in the
absorption spectrum of the CdgP; QDs for the first time.
[t has been shown that a number of other pnictide
materials may be synthesized using this method and
although not as monodisperse as the cadmium phos-
phide studies are continuing to elucidate the condi-
tions under which the polydispersity may be improved.
In addition the PL of the QDs can be continuously
tuned across a wide spectral range. This study paves
the way to the large scale production of metal pnictide
nanomaterials and their application as optically active
components in novel nanostructure-based devices.

connected with a column containing P,Os for the elimination of
water traces in the generated PH; gas. First, a Cd(OA),/ODE
solution was prepared from CdO (5.12 g, 0.04 mol) and OA
(27.0 mL, ~0.08 mol) dissolved in ODE (200 mL) at 270 °C under
N, atmosphere. Note that after dissolution of the CdO (i.e., the
point at which the solution becomes colorless) the temperature
should be lowered to the desired temperature at which PHs is to
be introduced. Otherwise, at temperatures of 270 °C or higher,
the colorless solution will again become turbid due to the
reduction of Cd(OA),. The PHs gas was then bubbled into the
reaction system using a flow of N,. The PH3 gas was produced
via decomposition of CazP, powder (2.5 g) using 5 MH,SO,. The
color of the reaction mixture changes from yellowish to dark red
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within 10 min indicating the formation of a colloidal disper-
sion of CdgP7 nanoparticles. Aliquots of 0.1 mL of the reaction
mixture were sampled at different time intervals and quenched
in 1.0 mL of toluene or TCE. The CdgP; NCs were purified by the
standard precipitation—dissolution procedure employing car-
bon disulfide and toluene as solvent, and an isopropyl alcohol/
methanol mixture (isopropyl alcohol/methanol = 2:1, v/v) as a
nonsolvent. The purified CdgP; NCs are soluble in a broad range
of organic solvents, such as toluene, TCE, and THF.

Characterization. Absorption spectra were measured in a
1-cm-path-length quartz cuvette using a Cary 5000 UV—vis-
NIR spectrophotometer (Varian). The PL and PLE spectra were
recorded using a FluoroLog-3 spectrofluorimeter (HORIBA Jobin
Yvon). Toluene and TCE were used as reference solvents in the
UV—vis (300—900 nm) and vis-NIR (400—1650 nm) spectral
regions, respectively. To fabricate the LED, a red emitting
cadmium phosphide QD layer was deposited via spin-coating
(at 1200 rpm) on a cleaned indium tin oxide (ITO) coated
substrate using a CdgP/PS (M,, = 20000; concentration, 0.5 wt %)
solution in THF possessing an optical density of 2. All cathodes
with an area of 1 cm? were deposited via thermal evaporation
in a vacuum deposition machine (B30.3-T, Malz & Schmidt) at
1 x 107> mbar. The thicknesses of the metal electrodes were
measured to be in the range of 30—50 nm. /—V characteristics of
the devices were recorded using a power supply and digital
voltmeter (Keithley). The prepared LEDs were encapsulated by
epoxy resin before measurements. QDLED EL spectra were
recorded with a FluoroMax-3 spectrometer.
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