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ZnO has been extensively studied because of its applications
in photovoltaics,!"! catalysis,” and optoelectronics.’! Over the
last two decades, the interest has been focused on ZnO high-
efficiency UV photoluminescence (PL)™ for the development
of light-emitting diodes (LEDs) and lasers®! or gas sensors.!
Typical emission spectra of ZnO at room temperature show
an emission band localized in the UV domain (1~360 to
380 nm, that is, 3.18 to 3.43 e¢V), which is attributed to the
excitonic recombination, whereas a broad band centered at
A=500-600 nm (2.07-2.48 eV) corresponds to crystal and
surface defects.”) Other bands located in the range of 400 <
A<500nm are also reported when surfactants are used
because of surface hole trapping effects.’

A large variety of ZnO micro- and nanostructures
morphologies have been synthesized so far” using several
processes including chemical or physical vapor deposition,!
pulsed laser deposition,'” spray pyrolysis,'!l sol-gel' and
liquid-phase processes,”) hydrothermal™ and supercritical
fluids."! Most ZnO materials synthesized through liquid-
phase methods show controlled sizes (from few nanometers to
several hundreds of nanometers) and morphologies, taking
advantages of the well-developed batch processes and the
large amount of surfactant systems available.'” However, the
low operating temperatures lead to a certain amount of
defects within the synthesized nanocrystals (NCs). These
defects induce poor excitonic but strong defect visible photo-
luminescence, incompatible with several applications—such
as UV-LEDs—requiring controlled UV emitters. Oppositely,
intense excitonic luminescent ZnO materials are obtained
mostly through high-temperature gas-phase synthetic meth-
ods."l However, these processes have a poor control over the
size of the synthesized particles."”! Consequently, supercritical
fluids (SCFs) are potentially ideal solvents for such syntheses,
providing means for solution-based processes in an environ-
ment that behaves like a gas[' The synthesis of ZnO
nanostructures has been reported in SCFs, showing the
feasibility of the process. The few examples reported so far
were performed in supercritical (sc) water™**' or sc meth-
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anol.'""! However, the PL and surface properties were hardly
investigated, still showing defect luminescence.!'*]

To improve the reproducibility of the process and to get
better control over the ZnO NC properties, it is advantageous
to take benefits of continuous synthetic methods based on
microfluidics. These methods offer several advantages, which
have already been applied to the synthesis of various nano-
structures,”! including ZnO microparticles.?! The recent
development of microreactors withstanding high-pressure/
high-temperature conditions has opened opportunities for
coupling microfluidic tools with supercritical fluids processes
(“supercritical microfluidics”—SCuF) for synthesizing nano-
structures.”?! This approach was successfully applied to obtain
high-quality CdSe®*?! and InPP*! quantum dots with narrow
particles size distributions (PSD).

Herein we develop an original microfluidic process to
synthesize exciton luminescent ZnO NCs. The advanced
optical properties of the as-synthesized ZnO nanostructures
are obtained thanks to their nucleation and growth in
supercritical fluids and to the separation of nucleation/
growth and functionalization steps,® both being performed
in a hydrodynamically controlled environment provided by
microreactors.?®?*! Several operating parameters have been
investigated: 1) the ligand (oleylamine—OL, trioctylphos-
phine—TOP and oleic acid—OA), 2) the ligand-to-zinc molar
ratio (R, ), 3) the oxidant-to-zinc molar ratio (R,,), and 4) the
fluid velocity ratio Ry = Vi,/V. In all cases, the correlation
between NP characteristics and their photoluminescence
properties is discussed.

The experiments were carried out in a coaxial flowing
microsystem made of two fused silica capillaries (inner
diameters: @, =100 um, @, =250 um, length=1 m) as shown
in Figure 1 A. Heating was provided by an oil bath (T=
250°C), whereas the pressure was controlled with a back-
pressure regulator downstream (p =25 MPa). The precursor
solution—([Zn(acac),]'H,0 (1072Mm) in an ethanol solution
containing H,0, (107*10"'m H,0, from a 35wt% H,O,/
water solution)—is injected in the inner silica capillary. A
second solution containing ligands (6.102-4.5.10"'M—TOP,
OL or OA) in ethanol is injected externally, the overall
residence time being fixed at 10s. The coaxial injection
ensures a 3D positioning of the precursor flow at the center of
the main tubing, as exemplified with a dye flow used for
visualization (Figure 1B).

The addition of H,0O, accelerates the hydrolysis of [Zn-
(acac),]-H,O, confining the nucleation and growth of ZnO
NCs in the inner flow, followed by surfactant capping
achieved downstream upon mixing/diffusion of the two
coaxial flows. The combined use of coaxial injection and
H,0, addition is necessary to prevent clogging because of
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Figure 1. A) Experimental supercritical microfluidics setup with
enlargement of the coflowing injection method developed (HP=high
pressure, S; = precursor solution, and S,=ligand solutions. The latter
is exemplified with an ethanol/rhodamine dye in ethanol coflow at
250°C and 25 MPa (B).

either NPs deposition or decomposition of unreacted Zn
precursor onto the walls. This method addresses the clogging
limitations encountered in most microfluidic application for
handling solids.*®!

A typical TEM micrograph of ZnO-TOP NCs is shown in
Figure 2A. Small (3.7+0.5 nm) spherical nanocrystals are
obtained. The electron diffraction pattern corresponds to
pure wurtzite-type ZnO, which was confirmed by Raman
spectroscopy (see the Supporting Information). The associ-
ated photoluminescence (PL) spectrum exhibits only one
narrow peak (E=23.30¢V) attributed to excitonic recombi-
nation with sub-microsecond lifetime (Figure 2B), whereas

High-temperature
gas-phase
1100°C - 0.1MPa — 50 min)

Supercritical Microfluidics
(250°C - 25 MPa - 10s)
Low-temperatureliquid-phase

(60°C - 0.1 MPa - 18h)

Figure 2. A) HRTEM and electron diffraction snapshot of ZnO/TOP
NCs obtained for Ro,=2/1, R,.=6/1, and R;=0.6. B) Comparison of
the PL of ZnO nanostructures obtained through various methods:
high-temperature gas-phase, low-temperature liquid-phase, and super-
critical microfluidic methods for Aeciaion =320 nm.
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no broad emission related to defect states is observed below
the band gap.

This is to be compared with 1) size and shape-controlled
ZnO NCs synthesized through conventional low-temperature
liquid-phase methods,” for which a low-intensity excitonic
peak is generally observed combined with large defect
luminescence centered at 2.20 eV (4 =600 nm) and 2) large
crystalline ZnO nanostructures with exciton PL obtained
through high-temperature gas-phase synthetic approaches®!
(Figure 2B). Note that other authors reported spray pyrolysis
synthesis of agglomerated ZnO NPs without conducting PL
studies.!”® The results obtained herein confirm the advantage
of SCuF for synthesizing well-controlled crystalline ZnO
nanostructures taking advantage of solution-based chemistry
for a better control of the size and shape of the NPs and of
high-temperature gas-phase approaches providing good crys-
tallinity and stoichiometry, and therefore exciton PL.

The influence of the functional group of the ligand was
investigated by switching from phosphorous to amine and
carboxylic acid using TOP, OL, and OA, respectively. In all
cases, electron diffraction and Raman spectroscopy con-
firmed the presence of pure wurtzite-type ZnO NCs (see the
Supporting Information). Figure 3 A,B shows TEM pictures
of the ZnO-OL and ZnO-OA NPs. Negligible size changes
are observed for the ZnO NPs (3.5+0.4 nm and 3.9 +£0.7 nm
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Figure 3. HRTEM snapshots of A) ZnO-OL and B) ZnO-OA NPs both
obtained for R,.=6/1, Ro,=2/1, and R;=0.6. C) Comparison of the PL
properties of ZnO-ligands and pure ligands (inset). D,E) P2p and Cls
XPS spectra for ZnO-TOP and ZnO-OA samples, respectively.
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for ZnO-OL and ZnO-OA, respectively). All the PL spectra
of ZnO-ligand NCs show a single excitonic peak located at
3.30eV (A=376 nm; Figure 3C), while no defect band is
detected. Note, however, that for ZnO-OL a shoulder is
observed at around 3 eV, which can be attributed to the OL
PL. This hypothesis was confirmed by performing PL analysis
on pure ligands (OL, OA, and TOP—see inset in Figure 3 C).
OL alone shows a wide strong PL centered at around 3 eV,
which could be mainly responsible for the shoulder observed
in the photoluminescence of the ZnO-OL QDs. In compar-
ison, OA and TOP have much weaker PL emissions, typically
one order a magnitude lower, with little influence on the final
photoluminescence of the NPs.

X-ray photoelectron spectroscopy (XPS) was used to get
further information on the surface chemistry of ZnO NCs for
the experiments performed with TOP or OA as ligands. XPS
analysis of ZnO-TOP NPs (Figure 3 D) confirms the presence
of phosphorous. The spectra can be fitted by two functions, of
which one is assigned to phosphorous atoms in a low oxygen
environment (E=133¢eV), suggesting possible bonds
between the phosphorous atom of TOP and the ZnO NP
surface (ZnO-P). For ZnO-OA (Figure 3E), the Cls XPS
spectra show the presence of several contributions among
which are contributions from C=0O and COO-— bonds,
corresponding to oleic acid ligands. However, nitrogen is
not detected for ZnO-OL, because we reach the detection
limit of the XPS technique for this atom. All the above-
mentioned peaks disappeared upon Ar* ion etching of the
surface, confirming the surface location of the ligands.

The influence of R, on the ZnO-OL NCs is reported in
Figure 4 A. Experiments for R, <1 are not reported because
they lead to clogging after few minutes, supporting the
interest of adding an oxidant to form ZnO in the “bulk” fluid
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Figure 4. Evolution of photoluminescence spectra (A, =320 nm) with
A) the oxidant-to-zinc molar ratio (Ro,), B) the ligand-to-zinc molar
ratio (R,), and C) the fluid velocity ratio Ry = Vii/Ver. D) The two
considered flow regimes: flow-focusing (R <1) and flow-spreading
(Ry>1) regimes.
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and not on the reactor wall. Clogging is avoided for R, > 2,
for which value we can assume—under our working con-
ditions—that enough H,0, is injected to induce the hydrolysis
of the zinc precursor.”” For all other experiments (Ro, > 2),
the single excitonic PL peak is observed in each case without
being shifted. Additionally, increasing Ry, results in the
appearance and further increase of emission bands located at
2.96,2.85, and 2.67 eV, respectively. Although it is still unclear
to which bonds these bands can be related, assumptions can
be made concerning the formation of organic compounds
from the reaction between OL and H,O, at high temper-
atures. However, R, has neither influence on the size of the
ZnO NPs, nor on the structure (wurtzite-type), therefore,
R, =2/1 was the optimum value retained in this study.

The fast screening capability of the microfluidic approach
was later used to study the influence of the ligand-to-zinc
molar ratio (Ry). R, was varied from 6/1 to 46/1 choosing OL
as reference ligand, because it exhibits high PL, while all
other parameters are kept constant (i.e. Ro, =2/1, Ry;=0.6).
From TEM observations, no changes are noticed concerning
the size of the ZnO NPs. As expected, the respective PL
spectra (Figure 4B) show an increase in the PL shoulder
because of OL (E =3 eV, see black arrow) when R; increases.
This study shows that control of the concentration of the
added ligands without changing the characteristics of the as-
synthesized NCs is possible using this approach, which
separates the nucleation/growth and functionalization steps.
From the obtained results, a low (6/1) ligand-to-zinc molar
ratio is enough to obtain well-stabilized and dispersible ZnO
NCs.

Hydrodynamics gains increasing importance in such
microscale coflowing synthesis processes. The influence of
the ratio of the internal to external flow velocities over the
NC size and PL properties was therefore investigated. We
tuned the average velocity of internal to external flow from a
flow-focusing (R < 1) to a flow-spreading regime (Ry>1;
Figure 4D), while all other parameters were kept constant
(i.e. Rox=2/1, R, =6/1,ligand: OL). For Ry; =2.4, the average
size of the particles remains the same (~4 nm). However,
increasing Ry results in an agglomeration of the ZnO NCs,
which can be attributed to the longer time required for the
ligands to access the ZnO NC surface in the flow-spreading
regime. PL spectra of the ZnO-OL NPs for R;=0.6, 1, and
2.4 are shown in Figure 4 C. Few differences can be noticed
between Ry=1 and Ry =2.4, however, the intensity of the
OL contribution to the PL spectra (shoulder at E~3¢eV) is
much more pronounced in the flow-focusing regime (Ry=
0.6), for which more ligands can actually access the NC
surface, prior to agglomeration.

To conclude, we have demonstrated a new way to obtain
UV emitting ZnO NCs with pure excitonic photolumines-
cence using SCpF. The conventional clogging limitation of the
microchannels was overcome by hydrodynamic control over
the environment provided by the microreactors and by
enhanced hydrolysis of the zinc precursor with H,O,. The
influence of several operating parameters was carefully
studied showing the separation of nucleation/growth from
functionalization steps. This method therefore allows for
easily interchanging capping ligands without influencing the
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ZnO NCs size or structure (wurtzite structure in each case).
The ZnO NCs PL spectra display the same excitonic peak,
sometimes coupled to the PL contribution of the ligands, in
particular when amines are considered. We believe these UV
emitting ZnO NCs are useful for applications as UV LEDs or
gas sensors, which are the subject of our ongoing work.

Experimental Section

Preparation of precursor and surfactant solution: The precursor
solution (S;) was prepared (1072m) of zinc acetylacetonate mono-
hydrate ([Zn(acac),]-H,0) purchased from Sigma—Aldrich and differ-
ent ratios (H,O,:Zn, namely R,,) of H,O, at 35wt% in water
purchased from Sigma—Aldrich, all diluted in absolute ethanol. The
surfactant solution (S,) was prepared considering the dilution in the
capillaries of the precursor solution. Oleylamine, trioctyphosphine,
and oleic acid were purchased from Sigma-Aldrich and diluted in
ethanol.

Purification of the nanoparticles: The solution of the ZnO NPs
was centrifuged at 9000 rpm during 30 min and redispersed in pentane
or dried in air.

Characterization techniques: TEM and high resolution (HR)
TEM were performed using a HITACHI H7650 and a JEOL 2200 FS,
respectively, equipped with a field emission gun, operating at 200 kV
and with a point resolution of 0.23 nm. X-ray photoelectron spectra
were taken with an ESCALAB 220iXL from VG, a RX source TWIN
Mg (1253.6 eV), and surveys of 150 eV. The analyzed area is a circle
with a diameter of 150 um. High-resolution spectra were obtained
with an energy E, of 40 eV. The samples were obtained by pressing a
small amount of powder on indium foils. Spectra were exploited with
the AVANTAGE software from Thermo Fisher Scientific. Photo-
luminescence spectra were obtained using a Jobin Yvon SPEX
spectrofluorometer (Fluorolog 212) equipped with a double mono-
chromator and a xenon lamp. ZnO powder was set between two
quartz slides and exposed in the device A.yuion =320 nm. Raman
spectra were obtained using a Thermo scientific DXR micro-Raman
spectrometer at an excitation wavelength of 532 nm and a laser power
of 10 mW.
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