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ABSTRACT As colloidal quantum dot (CQD) optoelectronic

devices continue to improve, interest grows in the scaled-up and
automated synthesis of high-quality materials. Unfortunately, all
reports of record-performance CQD photovoltaics have been based
on small-scale batch syntheses. Here we report a strategy for ﬂow
reactor synthesis of PbS CQDs and prove that it leads to solar cells having performance similar to that of comparable batch-synthesized nanoparticles.
Speciﬁcally, we ﬁnd that, only when using a dual-temperature-stage ﬂow reactor synthesis reported herein, are the CQDs of suﬃcient quality to achieve
high performance. We use a kinetic model to explain and optimize the nucleation and growth processes in the reactor. Compared to conventional singlestage ﬂow-synthesized CQDs, we achieve superior quality nanocrystals via the optimized dual-stage reactor, with high photoluminescence quantum yield
(50%) and narrow full width-half-maximum. The dual-stage ﬂow reactor approach, with its versatility and rapid screening of multiple parameters,
combined with its eﬃcient materials utilization, oﬀers an attractive path to automated synthesis of CQDs for photovoltaics and, more broadly, active
optoelectronics.
KEYWORDS: PbS . ﬂow reactor . synthesis . colloidal quantum dots . photovoltaics . scalable manufacturing

C

olloidal quantum dots (CQDs) are versatile materials of interest in many
ﬁelds in view of their programmable
optoelectronic properties.1,2 PbS CQDs are
of particular interest in solar photovoltaic
applications, in which the semiconductor's
large Bohr exciton radius enables quantumsize-eﬀect tuning over the broad solar spectrum, including the infrared portion.2 Compared to other third-generation photovoltaic
materials such as CIGS3,4 and CZTS,5,6 CQDs
oﬀer avenues to tandem and multijunction
solar cells from a single material via sizeeﬀect bandgap tunability. Moreover, their
processing from the solution phase should
in principle allow rapid, large-scale manufacturing and ready integration with ﬂexible
substrates, facilitating roll-to-roll processing.
Herein we identify, and then address, one
key impediment that currently prevents
CQDs from fulﬁlling their tremendous promise. All prior reports of the best-performing CQD photovoltaics79 have relied on a
manual batch synthesis. In this work, we
PAN ET AL.

develop an automated, scalable, in-line synthesis methodology. We show that, only by
incorporating an innovative two-stage reactor system, can we achieve the monodispersity and surface quality required to reach
the best previously reported CQD photovoltaic performance.
The traditional CQD batch synthesis relies
on elemental precursor solutions; organic
surfactants that will act as ligands; and a
dispersing solvent.10,11 In the standard hotinjection method, a solution containing one
precursor (precursor A in Figure 1a) is
heated to a chosen temperature, and a
second precursor (precursor B) is injected
into this solution. Sudden nucleation of
CQD seeds occurs and is followed by particle growth, yielding a monodisperse distribution of CQDs.12 Scaling up such syntheses
in a batch setup is limited by the diﬃculties
associated with quenching the reaction over
a small time interval inside a large reactor, as
well as the increase of spatial chemical gradients associated with larger reactor volumes.13
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Figure 1. Schematic of (a) a conventional batch synthesis
setup and (b) a dual-stage continuous ﬂow reactor setup
with precursor A (Pb-oleate, ODE) and precursor B (TMS in
ODE).

In the past decade, continuous ﬂow synthesis has
emerged as a compelling technology enabling largescale production while oﬀering several advantages
including improved control of heat and mass transfer,
precise cooling rates, and reproducibility.1416 Additionally, the ﬂow regime allows rapid screening of
parameters, automation, and low reagent consumption during optimization.16 In ﬂow synthesis, the use of
a narrow channel diameter decreases the dispersion in
the velocity of the solution, potentially enabling a
higher degree of monodispersity. Since the ﬁrst
ﬂow synthesis of nanocrystals in 2002,17 a variety
of nanomaterials have been synthesized using ﬂow
reactors,18,19 including a wide range of metal,2025
metal oxide,2631 and even metal/metal oxide core
shell nanoparticles.32 Even though the synthesis of
colloidal quantum dots (CQDs), such as CdS,33,34
CdSe,1316,33,3537 InP,38 and SnTe,39 via ﬂow reactor
synthesis is becoming increasingly popular, achieving
a high-quality product remains a challenge. Prior efforts have sought to narrow the particle size distribution via segmented ﬂow instead of the traditional
laminar ﬂow.14,27,34,35 By segmenting the ﬂow of the
reacting phase with an immiscible inert liquid (i.e.,
liquidliquid segmentation), the reagent dispersion
becomes conﬁned to the volume of the isolated
droplets rather than dispersing along the entire length
of the channel.16,40 Accordingly, the ﬂow of droplets provides high mixing eﬃciency, which is essential in particle
size control. Distributed temperature zones within a
capillary microreactor have been applied in previous
work to synthesize narrower size-distribution CdSe
CQDs.13 Inspired by this work, we use a dual-temperature-stage coil-reactor system to realize high quality
PbS quantum dots by controlling the nucleation and
growth process guided by theory and modeling.
RESULTS AND DISCUSSION
The ﬂow reactor system created for the present
work is depicted schematically in Figure 1b. Precursor
PAN ET AL.

Figure 2. Absorbance and PLQE of PbS CQDs synthesized
with a single-stage ﬂow approach compared to batch
synthesis and dual-stage ﬂow setup.

solutions are prepared in the same manner as in batch
synthesis, only deviating by the addition of an inert,
immiscible ﬂuid (Fluorinert FC-70) that aids in maintaining clean reaction channels and keeping a consistent reaction volume and ﬂow rate. Precursor A
consists of lead oxide, oleic acid (OA), and octadecene
(ODE). Precursor B contains bis(trimethylsilyl) sulﬁde
(TMS) and ODE. The two precursors are injected
under N2 overpressure through micropumps at diﬀerent points into the mixing stage. The temperature of
this stage is set low enough to prevent premature
reaction of the compounds. The mixed reactants proceed together to the nucleation stage that is temperature-controlled by thermocouple 1. The elevated
temperature causes the precursors to react and form
nucleation seeds. The puriﬁcation procedure is similar
to the established batch synthesis, involving precipitation of the CQDs using acetone and subsequent redispersal in toluene.
We investigated absorbance and photoluminescence behavior of CQDs produced using this singletemperature stage approach. At a reaction temperature of 75 C, the approach yielded CQDs with lower
quality than their conventional batch synthesis counterpart, seen in the less deﬁned excitonic feature
(notably lower peak-to-valley ratio, Figure 2). Additionally, we found that the nanoparticles have a lower
photoluminescence quantum eﬃciency (PLQE), as well
as a broader full-width-at-half-maximum (fwhm) of the
PL signal, as summarized in Table 1.
We hypothesized that much greater control over the
temperature proﬁle in time/space in the ﬂow chamber
would be required to produce high-quality CQDs. By
separating the nucleation and growth processes, we
aimed to increase the degree of control over these two
steps. This would allow growth to occur at a lower
temperature than the nucleation temperature and lead
to a narrower size distribution of the CQD population.
Table 1 summarizes the synthesis conditions and
key quality indicators for CQDs having a bandgap of
∼1.3 eV for three cases: batch, single-stage ﬂow, and
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TABLE 1. Reaction Conditions and Optical Quality Assessment of PbS CQDs Produced by Batch Synthesis and
Single-Stage and Dual-Stage Flow Synthesis with TN
Being the Injection Temperature To Start Nucleation in
the Batch Synthesis and in the Nucleation Stage of a Flow
Reactor, TG Being the Temperature at Which Growth
Occurs, and PLQE and FWHM of PL Signal To Verify CQD
Quality
Abs position PL position PLQE fwhm
synthesis type

TN (C)

TG (C)

(nm)

(nm)

(%)

(eV)

batch synth

90 slow cooling

968

1071

48.8

0.114

single-stage ﬂow synth



75

951

1052

28.2

0.131

dual-stage ﬂow synth

120

90

970

1065

50.6

0.110

dual-stage ﬂow syntheses. CQDs made using the dualstage ﬂow synthesis are superior in their lower Stokes
shift, higher PLQE, and a narrower PL fwhm compared
to single-stage ﬂow synthesis.
In a two-stage reactor such as the one depicted in
Figure 1b, there are at least three main experimental
parameters that can be varied independently: the
temperature of the nucleation stage (TN), the temperature of the growth stage (TG), and the total residence
time tR. The interplay between those parameters affects the particle size and distribution in a nontrivial
manner. We used a theoretical model of particle
nucleation and growth from a one-component solution to understand qualitatively these eﬀects and to
guide the optimization of the reactor system thereby
achieving high-quality monodisperse CQDs. In this
simple model, we assume that the nucleation of
particles takes place only in the ﬁrst stage controlled
by TN, while the growth, and possibly Ostwald ripening,
processes are controlled only by TG in the second stage
and are independent of the nucleation stage.
Within this framework, particle nucleation and
growth is characterized by two key parameters: the
critical radius, RC and the GibbsThomson concentration nGT(R,T).4143 The former determines the smallest
possible particle radius produced in the nucleation
stage, while the latter determines the growth rate of
particles in both stages. Under the conditions of thermal equilibrium between a given particle and the
surrounding solution, we may equate chemical potentials of atoms/molecules in solution with their counterparts in a particle of radius R by
 
n
2vm γ
RT ln
 εL ¼ εS þ
(1)
N0
R
where R is the universal gas constant, T is the absolute
temperature, n is the solution concentration, N0 is the
hypothetic saturation concentration,44 εL and εS (εL,S > 0
and εS > εL) are the absolute values of the materials
energy per mole in the solution and solid state, respectively, vm is the molar molecular volume, and γ
is the surface energy per particle surface unit area.
The critical radius is obtained from eq 1 for any
PAN ET AL.

Figure 3. Temperature dependence of the critical radius RC
(solid line) and the growth rate W(RC 3 (1 þ δ), T) (dashed line)
calculated using eqs 2 and 3, respectively, for D = 1012 m2/s,
K = 2  105 m/s, vm = 3  105 m3/mol, Δ1 = 55 kJ/mol,
γ = 0.2 J/m2, N0= 4 3 104 mol/m3, nb1 = 76, and δ = 0.05.

concentration n = n0 as
RC ¼

2vm γ
RTN ln(n0 =N0 ) þ Δ1

(2)

with Δ1  εS  εL, while the GibbsThomson concentration is derived under the condition of ﬁxed R as
nGT(R,T) = N0 exp[((Δ1)/(kBT)) þ ((2vmγ)/(R 3 RT))]. To
understand the capabilities of the dual-stage reactor,
consider the generalized classical mean-ﬁeld theory of
Ostwald ripening44 in the case of supersaturation.
According to the derivation in section 1 in Supporting
Information, we may write the main equation for
particle size growth rate W(R,T) as
0
"
#1


N0 3 v m K 3 D
dR
Δ1 @
2v m γ A
nb1  exp
exp 
¼ W(R, T) ¼
RT 3
DþK 3R 3
dt
R3R3T

(3)
where D is the molecular diﬀusion coeﬃcient in the
solution, K is the interface reaction rate, and nb1 is the
solution concentration relative to nGT(R = ¥, T). According to eq 3, the size growth rate is a result of each
particle absorbing an atomic ﬂux proportional to nb1
and emitting an atomic ﬂux proportional to nGT, with
the proportionality coeﬃcient determined by both the
atomic diﬀusion coeﬃcient D and the interface reaction rate K. If nb1 . 1 then all nucleated particles grow
but with diﬀerent rates: larger particles grow faster
than the smaller ones, suggesting that the absolute
value of the particle size distribution (PSD) increases
during this active growth stage.
Figure 3 shows a plot of RC(T) and W((1 þ δ) 3 RC, T)
during the nucleation stage of the reactor, where δ , 1
is a constant reﬂecting small ﬂuctuational growth of
the nucleated particle above RC (since W(RC, T) = 0).
When particles initially nucleate their radius is around
RC and they are in an unstable equilibrium with the
solution: they may grow or collapse depending on
whether their radius is increased or decreased due to
ﬂuctuations. Particles with supercritical sizes (R > RC)
continue to grow during their passage through the
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Figure 4. (a) Simulated particle size distributions (PSD): before the growth stage (1), modeled as a sum of Gaussians with an
onset centered around the critical size, and after the growth stage with temperature 60 C (2), 100 C (3), 120 C (4), and 140 C
(5). TN = 120 C for all curves. (b) Mean particle diameter (curves 1 and 10 ) and the fwhm of the PSD (curves 2 and 20 ) as a
function of growth temperature (TN = 120 C). The results were obtained by integrating eq 3 up to the time of t = 120 s for an
ensemble of 5  105 particles with nb1 given by eq 4. Parameter values used in our simulations of PSD and to obtain the curves
1 and 2 are D = 5  1014 m2/s and K = 104 m/s. The curves 10 and 20 have been calculated with D = 1012 m2/s and K = 2 
105 m/s. All other parameters are the same as the ones in the caption of Figure 3.

nucleation stage at a rate dependent on TN as indicated
in Figure 3. Therefore, the width of the particle size
distribution exiting the stage is approximately given by
the size diﬀerence between particles that have nucleated at the start of the stage and those nucleated at
its end. The latter have a radius close to RC. According
to Figure 3, the growth rate decreases as a function of
TN; therefore, higher TN values result in narrower size
distributions. However, RC, and hence the nucleation
barrier, increases at elevated TN resulting in a much
lower number of nucleated particles and a greater
proportion of subcritical particles with R < RC. Note
that the subcritical particles, which are unstable in the
nucleation stage, could also broaden the particle
size distribution because they are quenched and become stable as soon as they exit the stage to a cooler
zone (since RC decreases with temperature). Consequently, the choice of TN for optimal size dispersity
of the product nanoparticles is a balance between
those two factors.
Following a similar line of reasoning, if the residence
time in the nucleation stage is relatively short
the fraction of subcritical particles will be very high
because it takes a while until some of them become
critical or supercritical. It is thus important for the total
residence time tR to be long enough to keep the
fraction of subcritical particles low yet short enough
to avoid overbroadening the size distribution for
supercritical particles through growth.
As the supersaturation decreases, coarsening may
become important. During coarsening, bigger particles
continue to grow while smaller particles dissolve,
which could result in a narrower PSD, as the dissolution of many smaller particles proceeds faster than
the growth of the bigger, but fewer, particles.
PAN ET AL.

To understand better the impact of the coarsening
process on the PSD, we simulated the evolution of an
ensemble of 5  105 particles assuming that the active
growth stage of particles has concluded (the solution is
no longer supersaturated). The simulations were carried out by numerically solving eq 3 for each particle
within a ﬁxed time period; which was determined by
the duration of the growth stage (see the Supporting
Information for simulation details). The value of nb1 was
determined self-consistently at every time step by
equating all absorbed atomic ﬂuxes to all emitted
ones45 (i.e., no supersaturation condition) according
to the following equation:
*
nb1 ¼

"
#+ 
 1
R2
2vm γ
R2
exp
3
3
1 þ R 3 K=D
1 þ R 3 K=D
R 3 RT
(4)

Simulation results are presented in Figure 4 for two
sets of D and K values. Figure 4a shows plots of the
simulated particle size-distribution for TN = 120 C and
diﬀerent growth temperatures. For illustrative purposes, we assume that the particles enter the growth
stage with a hypothetical size-distribution depicted by
curve 1, which includes many subcritical particles.
During the initial stages of ripening these subcritical
particles quickly dissolve, transferring their mass to the
supercritical ones. This transient process focuses the
size distribution before reaching steady-state Ostwald
ripening whereupon the distribution begins to broaden again. Since the rate of mass transfer strongly
depends on temperature through the GibbsThomson concentration, one may expect (for a ﬁxed time
period in the growth stage) a relatively wide initial sizedistribution to narrow as a function of TG before
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Figure 5. Absorbance and HWHM of PbS CQDs synthesized with a dual-stage apparatus while (a) varying temperature for the
nucleation temperature stage, (b) varying temperature for the growth temperature stage, and (c) varying residence time.

Figure 6. (a) Comparison of the absorption spectra and PLQE of traditional synthesis of quantum dots with the dual-stage
ﬂow synthesis after puriﬁcation showing comparable fwhm. (b) TEM image of PbS CQD (λmax ≈ 950 nm) synthesized by ﬂow
reactor. XPS comparison for the dual-stage ﬂow synthesized dots and the traditional synthesized dots: (c) element O 1s, (d)
element C 1s.

broadening again at higher temperatures due to a
transition to a steady-state ripening regime4145
(Figure 4b). This narrowing of the PSD depends upon
the ratio KR/D. The PSD is narrower for KR/D = 4,
(corresponding to the K and D values used in calculating curves 1 and 2 in Figure 4b) than for KR/D =
0.02 (curves 10 and 20 ). The values of D and K are not
known in our case therefore the only indication of the
real KR/D ratio might come from the comparison of the
calculated PSD width with the experimental one.
Although both sets of D and K values produce qualitatively similar trends, the case of KR/D = 4 is in closer
PAN ET AL.

quantitative agreement with the experimental results
analyzed in our work, which suggests an intermediate
ripening case between diﬀusion-limited and reactionlimited46,47 regimes.
Guided by the above theoretical arguments, we
explored detailed optimization of the dual-stage approach by separately varying TN, TG, and tR. The main
parameters used as the indicators of the optimization
quality are the half-width-at-half-maximum (HWHM)
and the position of the excitonic absorption peak
for each PbS CQD sample (Figure 5). Keeping tR
ﬁxed at about 3 min, we investigated the impact of
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TN (Figure 5a) on the peak position and HWHM at constant TG = 80 C and the impact of TG at constant TN =120 C.
Increasing nucleation temperature shifts the CQD excitonic peak to higher wavelength, indicating larger
particles. From the HWHM, we ﬁnd that an optimum TN
is around 120 C, above which a sudden transition to
narrower peak width occurs. To achieve the optimal
single-junction solar cell bandgap of ∼1.3 eV, combined with a narrow particle size distribution, we then
ﬁxed the nucleation temperature at TN = 120 C in
subsequent experiments. When studying the eﬀect of
growth temperature TG (Figure 5b), we kept tR at 3 min.
For growth temperatures below 80 C a moderate
increase of the absorption peak wavelength and commensurable increase in HWHM is observed. Above
80 C, the increase is much steeper and the HWHM
decreases rapidly. This behavior is explained in our
qualitative analysis by a broader distribution of particle
growth rates (see Figure 4). Lastly, we optimized the
residence time tR at constant TN (120 C) and TG
ranging from 80 to 90 C and found that the smallest
HWHM for an excitonic peak wavelength of ∼950 nm
was achieved using ∼3 min.
We conducted a detailed spectroscopic and compositional analysis of optimized dual-stage ﬂow synthesis
CQDs compared to the best reported batch synthesis
(Figure 6a). The HWHM of this optimized procedure is
comparable to batch-synthesized dots. Following puriﬁcation by precipitation and redispersion, the ﬂow
reactor CQDs remain highly monodisperse, as seen
from the narrow HWHM of excitonic peak and by the
high quality of the nanocrystals in TEM images
(Figure 6b). A comparable amplitude of photoluminescence further conﬁrms the quality of the CQDs. The
elemental composition of the two synthesis methods
was compared using X-ray photoelectron spectroscopy (XPS). Carbon and oxygen contents of the ﬂow
reactor synthesized PbS CQDs agree well with the
signatures seen in XPS of batch synthesized CQDs
(Figure 6c). The same agreement is observed for lead
and sulfur binding energy signatures in Figure S1
(Supporting Information). Importantly, the scalability
of our optimized procedure is manifested by comparing the yield to the traditional batch synthesis. A typical
dual-stage ﬂow synthesis of PbS QDs yields approximately 4042 mg/min which translates to 2.42.5 g/h,
compared to the batch synthesis which yields around 1
g/h with two simultaneous reaction setups.
Having validated the quality of the PbS CQDs material synthesized in the dual-stage ﬂow reactor approach, we proceeded to fabricate photovoltaic
devices in the depleted heterojunction architecture,48
in which the TiO2 ﬁlm serves as the n-type semiconductor. We measured the currentvoltage characteristics (Figure 7a) in an inert nitrogen environment
under 100 mW cm2 simulated AM1.5G illumination
and the corresponding qualitative external quantum

Figure 7. Photovoltaic devices made based on PbS CQD
obtained from batch synthesis, single-stage ﬂow reactor
synthesis, and dual-stage ﬂow reactor synthesis with MPA
treatment to compare (a) their JV-characteristics and (b)
EQE response for dual-stage ﬂow reactor synthesis and
batch synthesis.

eﬃciency (EQE) spectrum (Figure 7b) of PbS CQDs
devices made from conventional or ﬂow reactor methods. Devices made from the dual-stage ﬂow reactor
process are superior compared to the single-stage
setup and exhibited solar power conversion eﬃciency
(PCE) of 4.1% with an open circuit voltage of 0.53 V, a
short circuit current density of 17.88 mA/cm2, and a ﬁll
factor of 46%; which is comparable with the batch
devices. The EQE spectra of the dual-stage ﬂow and
batch devices are in good agreement with one another
and demonstrate that the dots obtained from the ﬂow
reactor possess good quantum eﬃciency.
CONCLUSIONS
In summary, we obtained high-quality PbS CQDs
with high photoluminescence quantum yield and narrow full width-half max values via a scalable and
automated ﬂow-synthesis methodology. As suggested
by theory and conﬁrmed by experiment, applying a
dual-stage in the ﬂow reactor is essential for the
controllable synthesis of high quality CQDs. The solar
cell fabricated from the ﬂow-synthesized PbS CQDs
achieves on-par performance with the batch synthesized CQDs at a power conversion eﬃciency of
4.1%. Future work will entail integration of improved
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the ﬂow reactor approach, with its versatility and
rapid screening of multiple parameters, combined
with its eﬃcient materials utilization, oﬀers an
attractive path to automated synthesis of CQDs
for photovoltaics and, more broadly, active optoelectronics.

METHODS AND MATERIALS

285.0 eV. The curves were fitted using Gaussian functions.
Samples made from PbS CQDs were processed for crosssectional TEM imaging. Zeiss NVision 40 focused ion beam
(FIB) mill was used to prepare samples for TEM imaging. Thin
films (approximately 100 nm) were prepared with a Gaþ beam
followed by argon-ion nano milling. A FEI Titan 80300 Cubed
STEM was used for imaging.
Device Fabrication and Characterization. The PbS CQD film was
deposited in a layer-by-layer fashion by spin-casting. PbS CQDs
in octane (50 mg/mL) were dispensed on the substrate and
spin-cast at 2500 rpm for 10 s for each layer. A 1% v/v
3-mercaptopropionic acid (MPA)/methanol solution was then
dispensed to cover the entire substrate and spun after 3 s at the
same speed for 5 s. Two rinses with methanol were applied for
each layer. A top electrode consisting of 7.5 nm of MoO3, 50 nm
of Au, and 120 nm of Ag was deposited by thermal (MoO3 and
Ag) and electron beam (Au) evaporation at a pressure of <1  10 6
Torr. The contact size defined by a shadow mask was
0.06 cm2. Optical absorption measurements were carried
out in a Cary 500 UVvisIR spectrophotometer using an
integrating sphere.
JV Characterization. AM 1.5 performance measurements
were conducted using a class A (<25% spectral mismatch) solar
simulator (ScienceTech). The bias sweep was performed using a
Keithley 2400 digital multimeter. The source intensity was
measured using a MellesGriot broadband powermeter
through a circular aperture of 0.049 cm2 and set to be 100
mW cm2. We used an aperture slightly smaller than the top
electrode to avoid overestimating the photocurrent: the entire
photon fluence passing through the aperture was counted as
incident on the device for all analyses of JSC and EQE.50 The
spectral mismatch of the system was characterized using a
calibrated reference solar cell (Newport). The total AM1.5
spectral mismatch, taking into account the simulator spectrum
and the spectral responsivities of the test cell, reference cell, and
broadband power meter, was remeasured periodically and
found to be ∼11%. This multiplicative factor, M = 0.89, was
applied to the current density values of the JV curve to most
closely resemble true AM 1.5 performance.51 The test cell was
mounted in a thermoelectric cooled holder with temperature
feedback. The testing temperature was measured with a thermal couple and stabilized at 25.0 ( 0.1 C according to the ISO
standard. The total accuracy of the AM1.5 power conversion
efficiency measurements was estimated to be (7%.
External Quantum Efficiency (EQE). EQE measurements were
generated by a 400 W Xe (Horiba Jobin-Yvon) lamp. The light
was passed through a monochromator (Horiba Jobin-Yvon FL1039), filters (Newport) and an optical chopper operating at 100
Hz coupled to the input of a Stanford Research Systems lock-in
amplifier. The collimated light output was measured through a
0.049 cm2 aperture with calibrated Newport 818-UV and Newport 818-IR power meters. The photogenerated current was
measured using a lock-in amplifier. The measurement step
was 20 nm and the intensity varied with the spectrum of the
Xe lamp.
Conflict of Interest: The authors declare no competing
ﬁnancial interest.

Chemicals. Lead(II) oxide powder (PbO, 99%), oleic acid (OA,
technical grade 90%), and bis(trimethylsilyl) sulfide (TMS, 95%
purity) were purchased from J. T. Baker, Alpha Aesar, and Acros
Organics, respectively. 1-Octadecene (ODE, technical grade
90%), acetone (ACS reagent, g99.5%), toluene (anhydrous,
99.8%), and octane (anhydrous, g99%) were purchased from
Sigma-Aldrich. Fluorinert liquid (FC-70 type) was purchased
from Fisher Scientific. ODE was degassed by pumping at 100 C
overnight before use, while the other chemicals were used as
received without further purification.
PbS CQD Preparation. The conventional batch synthesis of
oleic-acid capped PbS CQDs was based on the procedure
described by Hines and Scholes using lead oleate and bis(trimethylsilyl) sulfide (TMS) as precursors.11 This procedure
was adapted in a continuous flow synthesis method using a
commercially available continuous flow reactor, the FlowSyn
Multi-X system (Uniqsis Ltd., Cambridge UK). The lead oleate
precursor was prepared by dissolving lead oxide (PbO, 0.9 g)
and oleic acid (OA, 3 mL) in 6 mL of 1-octadecene (ODE) and
pumping the solution for 16 h at 100 C. Then, 30 mL of ODE and
20 mL of Fluorinert FC-7049 were added to the lead precursor
solution. The mixture was transferred to bottle A and maintained at 60 C to prevent solidification of the precursor. A stock
solution of the sulfur precursor (bottle B) was prepared by
mixing 360 μL of TMS with 20 mL ODE and 20 mL FC-70 in a
glovebox. Both bottles were maintained under continuous
vigorous stirring (to maintain a homogeneous mixture between
the different liquid phases) and nitrogen purging throughout
the reaction. The flow rate was typically set within the range
13 mL/min. The nucleation temperature was varied in the
range of 80 150 C, while the growth temperature was set
between 50 and 100 C. After passing through the mixing and
thermal stages, the product was collected in vials containing
acetone to quench the reaction. The CQDs were washed several
times by precipitation with acetone and redispersion in toluene.
Finally, the CQDs were redispersed in octane.
Characterization. Linear optical absorption spectra were taken
using a Cary UVvisNIR spectrometer (Varian). Glass cuvettes
with a path length of 1 mm were used. For measurement
purposes, the concentration of the CQD solution was adjusted
to 0.4 mg/mL. PLQE measurements were performed at room
temperature in air. A 640 nm diode laser with an intensity of
approximately 10 W cm2 was used as an excitation source. A
NIR spectrometer with an InGaAs array detector (Ocean Optics
NIR-512, calibrated using a tungsten halogen lamp as a known
source) was connected through fiber optics with an integrating
sphere where the sample was positioned. The laser light is
directed to enter one of the two ports of the integrating sphere.
The second port is connected to an optical fiber to collect direct
and indirect excitation mode spectra using the same NIR
spectrometer. Low PbS CQD concentrations were used in these
measurements to guarantee low reabsorption by the sample of
the emitted PL signal. PLQE is calculated by taking the integrated difference between the directly excited and indirectly
excited photoluminescence photon signals divided by the
integrated difference between the direct-pump and indirectpump laser photon signals. XPS was measured with a Thermo
Scientific K-Alpha spectrometer to confirm material composition before and after ligand exchange. A survey measurement
was taken first, followed by recording the core level spectra of
Pb-4f, S-2p, O-1s, and C-1s with a pass energy of 50 eV. The
binding energy was referenced to the C1s hydrocarbon line at
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passivation strategies of the PbS CQD's surface, such
as hybrid passivation, into a more elaborated automated synthesis, with the goal of exceeding the
best published performance recently achieved
with the beneﬁts of halide passivation processes.7
In light of the results reported herein, it is clear that
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Supporting Information Available: Growth-stage kinetics
simulation details; XPS data for Pb and S elements comparing
the PbS CQDs made from batch synthesis and dual-stage ﬂow
reactor synthesis. This material is available free of charge via the
Internet at http://pubs.acs.org.
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