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Flow synthesis and multidimensional parameter
screening enables exploration and optimization of

copper oxide nanoparticle synthesisT
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Copper-based nanoparticles (NPs) are highly valued for their wide-ranging applications, with particular

significance in CO, reduction. However current synthesis methods encounter challenges in scalability,

batch-to-batch variation, and high energy costs. In this work, we describe a novel continuous flow

synthesis approach performed at room temperature to help address these issues, producing spherical,

colloidally stable copper(i) oxide (CuO) NPs. This approach leverages stabilizing ligands like oleic acid,

oleylamine, and soy-lecithin, a novel choice for CuO NPs. The automated flow platform facilitates facile,

real-time parameter screening of Cu-based nanomaterials using optical spectroscopy, achieving rapid

optimization of NP properties including size, size dispersity, and colloidal stability through tuning of

reaction parameters. This study highlights the potential of continuous flow synthesis for efficient
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parameter exploration to accelerate understanding, optimization, and eventually enable scale-up of

copper-based NPs. This promises significant benefits for various sectors, including energy, healthcare,
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1 Introduction

Copper (Cu)-based nanoparticles (NPs) are receiving increasing
interest for various applications, with particular significance in
CO, reduction," antimicrobials,®> and cancer therapy.> They
exhibit a range of useful physical and chemical properties, while
benefiting from an abundance of natural feedstock, and
exhibiting low toxicity to humans. These particles are low in
cost to produce, with a wide variety of different possible
precursors and synthetic routes.*

Copper(u) oxide (CuO) is a subset of Cu-based materials that
has received significant attention in the literature, due to its
behavior as a p-type semiconductor. The ability to tune the size
of CuO in the nanoscale has been shown to enable the engi-
neering of its band gap energy,” making the NPs an interesting
material for use in electronic and optoelectronic devices. For
example, Siddiqui et al. used CuO NPs to enhance the behavior
of organic solar cells.® The addition of CuO helped adjust the
morphology of the active layer, leading to an increase in device
efficiency. The study also noted a shift in the absorption spec-
trum to the visible region, improving light absorption.
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and environmental conservation, by enabling reliable production with reduced energy and cost

Several CuO NP syntheses have been established, ranging
from top-down (milling, grinding.) to bottom-up approaches
(wet-chemical, electrochemical, sonochemical, etc.).* From
these, wet-chemical methods are particularly desirable, allow-
ing precise control of NP shape and size, solution processibility
of resultant products, and general low cost. Here, the copper ion
complex is generally reduced via a reducing agent (e.g. hydra-
zides, hydroxides), or used as a precursor in a precipitation
reaction within aqueous or organic solvents.

For nanomaterials, it is generally preferable for products to
be uniform in size, shape, and size distribution, as well as
stabilized against aggregation and sedimentation. Typical
syntheses of CuO NPs employ organic stabilizing molecules to
facilitate precursor dissolution, modulate particle nucleation
and growth, and then enhance colloidal stability. Ligand engi-
neering provides an excellent means of achieving size and
shape control. For example, acetic acid has been used to
maintain the spherical shape of CuO NPs at elevated tempera-
tures,” while more complex molecules such as hexadecyl-
trimethylammonium bromide have been reported to improve
the colloidal stability of CuO.?

To date, there has been very little investigation and explo-
ration of different ligands and their effects on CuO NP synthesis
and product properties, which thus appears to be an area of
great potential. Oleic acid (OAc) and oleylamine (OAm) are
stable long-chain ligand molecules that are particularly effective
when paired, as they each provide different surface binding
modes while possessing very similar chain lengths. Their
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dynamic binding nature means they are extremely versatile and
have been used for a plethora of nanomaterials.® In contrast to
OAc/OAm, lecithin is a zwitterionic ligand that provides dual
binding modes with a long chain backbone and achieves strong
binding capable of stabilizing challenging semiconductor NPs
with ionic behavior (e.g. lead halide perovskites).'®"* The con-
trasting natures of these ligand systems provide an interesting
comparison for study in pursuit of a versatile and controlled
synthesis of CuO NPs.

Current syntheses of Cu-based nanomaterials rely over-
whelmingly on traditional batch synthesis. However, the
inherent low throughput of this approach limits exploration of
the reaction parameter space, which is extensive given the wide
range of different precursors, reducing agents, ligands,
temperatures, and reaction processes and times. This severely
limits product innovation and optimization. While significant
research has been conducted in parallelization and the use of
robotic systems to achieve high throughput optimization in
batch, flow chemistry has also emerged as an attractive option
to overcome this challenge.” Although flow synthesis of metal
and metal oxide nanoparticles is well studied in general,"*
there has been relatively little progress with Cu-based NPs.
Although Cu-based NPs have been synthesized under contin-
uous flow conditions,” specific focus on CuO has been limited
to approaches requiring the use of millifluidic channels and
using specific and high energy activation techniques e.g.,
microwave-assisted'® or laser ablation synthesis.*

Combining the concepts of flow chemistry, microfluidic
components and in-line analytics opens avenues to rapid and
efficient reaction optimization.**** Here, instrumentation such
as precision syringe pumps and in-line heaters allows dynamic
control of a wide range of reaction parameters, while in-line
analytics (such as optical spectroscopy) yields real time data
on reaction product properties.”>*® This data can be used to
map a multidimensional parameter space, or it can be pro-
cessed in real time for algorithm-guided product optimiza-
tion.>” while hardware and software development in this space
is well-established and continues apace,*® there are still few
examples of such systems being used in nanochemistry
research beyond proof-of-principle.

Importantly, it must be acknowledged that flow is not
inherently superior to batch approaches and is not suitable in
all cases. It is a tool that has helped supplement more tradi-
tional processes for the benefits highlighted above. However,
drawbacks do exist that mean that flow reactors can require
significant optimization for the best quality product.

In this work, we demonstrate a facile, room temperature
continuous flow synthesis of copper(u) oxide (CuO) NPs. We
report, for the first time, spherical CuO NPs synthesized under
flow conditions, and directly compare them to an analogous
batch synthesis. We then develop this further and introduce
stabilizing ligands under continuous flow to understand
changes in the size and colloidal stability profile of synthesized
particles using optical measurements. To the best of our
knowledge, this is the first demonstration of the use of soy
lecithin for the synthesis and stabilization of CuO NPs, and
represents the first time rapid parameter screening has been
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used to optimize CuO NP synthesis, identifying the ligand and
NaOH concentrations that produce NPs with minimal size and
polydispersity index (PDI). Beyond CuO NPs, the developed
approach is versatile and accessible, and holds significance for
a wide range of colloidal metal and metal oxide nanoparticle
syntheses.

2 Results and discussion
2.1 Residence time determination

Initial work focused on novel development of a suitable flow
reaction for CuO NPs. Based on a previously reported synthesis
of spherical CuO NPs performed at elevated temperature,” we
sought to develop an understanding of the appropriate time
frame for the synthesis to be adapted to a flow platform for fast
parameter screening at room temperature.” The ability to
control the time frame of a reaction within a flow synthesis is
critical, and a balance needs to be struck. Faster reactions are
more time efficient and easier to deal with in a flow system,
however it is common to encounter difficulties controlling NP
product quality e.g. wide size distributions. Slower reactions are
often easier to control, but extended residence times (beyond
15-20 min per experiment) are harder to accommodate in a flow
system, can result in problematic reactor fouling,*® and reduce
utility of rapid parameter screening in product optimization.

Room temperature reactions to CuO NPs have been reported
previously, but at extended timescales,.*’** Adapting these to
flow requires a deeper understanding of the reactions, and
ideally ways on controlling them. Previous literature indicates
that increasing the concentration of the NaOH relative to the
copper salt precursor decreases the reaction time.® Accordingly,
using 1-octanol as the primary solvent, we scanned five different
molar ratios (copper acetate to sodium hydroxide) using an in
situ UV-visible (UV-vis) absorption spectroscopy setup,
recording spectra at 1 s intervals for 5 min to provide an over-
view of reaction dynamics (Fig. S17).

The time taken for the precursor to be consumed in the
reaction was directly related to the ratio of NaOH added while
the Cu®" concentration was kept constant. The literature indi-
cates the characteristic absorbance peak for CuO NPs is in the
280-320 nm range. Our in situ spectrophotometer was capable
of measuring between 325-800 nm, so we compared the
absorbance of the Cu(OAc), precursor peak position at 697 nm
against the position closest to the expected peak of CuO at
325 nm. With the typical spectra being a curve around this
region for CuO NPs, we can expect that the relative ratio of the
precursor absorbance peak against this point should decrease
as the precursor (copper acetate) and intermediate (copper
hydroxide) are consumed. As such, we could track the progress
of the reaction and show that varying NaOH ratio against a fixed
concentration of Cu®" has a significant influence on the rate of
reaction. A Savitsky-Golay filter was applied to smooth the data
and clearly interpret the rate of change (Fig. S2t). Here, the
lower the value, the greater the relative absorbance of CuO
within the solution, relative to Cu(OAc), (Fig. 1a). This would
correspond to the concentration of CuO NP within the solution
relative to the concentration of the precursor solution as

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4na00839a

Open Access Article. Published on 03 dicembre 2024. Downloaded on 29/08/2025 06:33:53.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper
a) b)
0.5
g 107 —— 1:1Cu?*: NaOH
% —— 1:2 Cu?*: NaOH
1S 0.4 4 —— 1:4 Cu?*: NaOH
s 0.8 4 —— 1:12 Cu?*: NaOH
[ = N —_
\w' h 1:36 Cu?*: NaOH
v} 2
g )
8 903+
S 0.6 [
wn
S @ 0.2 1
=) >
B 0.4+ g
< o
2 0.1
3 0.2
g
& &__
y y 0.0 ; : .
0 20 40 6o 0 5 10 15 20
Time (s) Time (s)
<)
5 min —— Copper acetate
RT * —— 1:1 Cu?*: NaOH
Cu(OAd), —— 1:2 Cu?*: NaOH
—— 1:4 Cu?*: NaOH
—— 1:12 Cu?*: NaOH
3 OH)’ v 1:36 Cu?*: NaOH
c 2 o d)
3 2]
£ Ba -
o L
IN—__ [} (e
=
= =
\ 5 1:1 1:2 1:41:121:36
g
[~
<
400 500 600 700 800
Wavelength (nm)
Fig. 1 (a)The ratio of the intensity of product peak against the

precursor peak over the first 60 seconds of injection of NaOH. A
Savitsky—Golay filter was applied to smooth the data and clearly
interpret the rate of change. (b) Conversion rate of the reaction
calculated from smoothed time course data. (c) Final UV-vis absorp-
tion spectrum for the colloidal solutions after 5 min reaction time (RT)
upon the addition of various molar ratios of NaOH. (d) Photograph of
the as-prepared colloidal solutions after 5 min reaction (pre-purifi-
cation) under batch conditions.

described by the Beer-Lambert law.*” For a 1:1 Cu®": NaOH
ratio, there is a transition from the copper acetate to the ex-
pected intermediate state (copper hydroxide, Cu(OH),) at a rate
of 0.1089 s~* (Fig. 1b). This was seen by a shift in the peak
position to a broad peak in the visible region near 660 nm
(Fig. 1c) assigned to the Cu(u) d-d transition in copper
hydroxide.*® After 5 min the starting material does not experi-
ence full conversion to the final CuO product and the presence
of the Cu(OH), peak remains, alongside the blue-green color of
the reaction mixture (Fig. 1d).*

As the molar ratio of the NaOH to Cu*" is increased from 1 to
36, the conversion rate from the starting material to the final
absorption spectrum significantly increased (Fig. 1b). The 1:36
condition transition occurs rapidly at a rate of 0.4641 s,
alongside an immediate transition from blue to a dark brown
solution with the complete transition of the copper precursor

© 2025 The Author(s). Published by the Royal Society of Chemistry
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within 5 min (Fig. 1d). This was explained as result of the rate of
reaction. At low concentrations of NaOH, there is a lower
probability for interaction with the Cu®" precursor, resulting in
a high concentration of larger-sized intermediate particles, as
a result of slow nucleation. Upon transition to the CuO species
over time, particles appear as large dark brown metallic clus-
ters. At high concentrations, where the NaOH is in excess,
a high rate of reaction means that nucleation, growth, and
oxidation of the NPs occur almost instantaneously. This corre-
sponds to data in existing syntheses studying the variation of
NaOH concentration against the Cu®>" precursor.?**

To confirm the presence of CuO (after purification and
drying) the XRD pattern of the 1:12 product was obtained
(Fig. S51), with the data in good agreement with Crystallography
Open Database diffraction data for crystalline monoclinic CuO
(COD 9016057). EDS analysis of the batch sample (Fig. S77) also
showed the presence of CuO with an approximate ratio of 1:1
between copper and oxygen atoms.

From this, we could confirm that a synthesis of CuO NPs at
room temperature, transferable to continuous flow, could be
achieved with a 5-10 min timescale. Alongside this, we could
achieve a controllable reaction time via tuning the molar ratio
of NaOH at fixed Cu** concentration, giving suitable conditions
for rapid parameter screening under flow conditions.

2.2 Comparison of CuO synthesis in batch and flow

Work then focused on adapting the batch synthesis to
a continuous flow platform. An illustration of the flow reactor
used in the current work is shown in Fig. 2a. This setup allowed
precise and individual control over the precursor and ligand
concentrations (and therefore ratios). These can be changed in
real time, enabling reaction parameter scanning and mapping.

NaOH/Cu?' ratios of 1, 2, 4, 12, and 36 were used to
synthesize CuO NPs under continuous flow conditions to eval-
uate the impact of flow conditions on the endpoint of a 5 min
reaction. Synthesis of NPs under flow conditions was confirmed
via SEM (Fig. 2c). EDS analysis (of the 1:12 flow sample,
Fig. S137) again confirmed the presence of CuO, with a 1:1
atomic ratio between copper and oxygen, which closely matched
the batch sample in the same conditions (Fig. S71).

As mentioned, in the batch reaction at 1:1 Cu®": NaOH, in
situ absorption analysis revealed the presence of a peak corre-
sponding to the reaction intermediate Cu(OH), (Fig. 1c). UV-vis
absorption spectra were also recorded in situ after 5 min of
continuous flow (Fig. S9b+t), which allowed comparison with the
in situ batch experiments (Fig. S9at). This could be seen in
Fig. 2b where, similar to the residence time determination
experiments, we compared the absorbance of the precursor
peak position (697 nm) against the nearest measurable position
in the UV region corresponding to the CuO peak (325 nm).
However, we only looked at the end-point of both regimes to
understand the relative absorbance of precursor species against
the final CuO species after 5 min. We can see for all NaOH/Cu>*
ratios, the flow reactions showed more complete conversion in
comparison to the batch synthesis within the same reaction
time. In addition, after 5 min a plateau of relative absorbance

Nanoscale Adv., 2025, 7, 495-505 | 497
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Fig. 2

(a) Schematic of the flow reactor used for the synthesis of CuO NPs during this study. (b) Plot of the ratio of the intensity of product peak

against the precursor peak for the UV-vis taken after 5 minutes for both batch and flow conditions. (c) SEM image for the CuO NPs synthesized
using a 1:12 Cu®* : NaOH ratio under flow conditions at 87 K x magnification. (d) UV-vis absorption spectrum for the colloidal solutions made
under both batch and conditions post-purification. (e) Band gap energies of the colloidal solutions made under both batch and flow conditions
post-purification. (f) Particle size histograms (blue) calculated from SEM image analysis for CuO NPs synthesized using 1:12 Cu®* : NaOH ratio
under both batch and flow conditions. (g) Particle size histograms (red) calculated using DLS for CuO NPs synthesized using 1:12 Cu®*: NaOH

ratio under both batch and flow conditions.

was seen at a lower NaOH/Cu®" ratio under flow conditions (4)
compared to batch conditions (12).

UV-vis absorption spectra were also recorded ex situ subse-
quent to purification and redispersion in 1-octanol, for both
batch and flow samples (Fig. 2d). As can be seen from these
spectra, there was less pronounced shoulder peaks between
400-500 nm in the flow samples, which gave smooth absorption
spectra. This shoulder peak has been previously attributed to
surface plasmon resonance from copper atoms on the surface of
CuO.® From the ex situ UV-analysis, the direct band gap energies
were estimated (eqn (S2)t) from their corresponding Tauc plots
(Fig. S10%), and plotted in Fig. 2e. From the batch reaction,
there was little change in band gap energy for the different
samples (remaining at 2.88-2.89 eV), regardless of the Cu®*:
NaOH ratio. This is consistent with an existing literature value
of 2.85 eV for CuO NPs synthesized under similar conditions.**
In contrast, the flow conditions exhibited higher band gap
values and a greater variation through the different reaction
conditions, relative to the batch experiments (2.93-2.98 eV).
This was an initial indication that the flow reaction may yield
smaller NPs relative to the batch reaction, as it has been

498 | Nanoscale Adv., 2025, 7, 495-505

reported that larger direct band gap energies correspond to
smaller sizes for CuO NPs.>***? This was attributed to enhanced
mass transport and increased rate of diffusion afforded by the
higher surface area-to-volume ratio under microfluidic condi-
tions, resulting in faster, more uniform nucleation, and yielding
smaller and less polydisperse NPs, as seen for both metal oxide
and quantum dot NPs.*>*

NP size was investigated by XRD and SEM using the 1:12
(Cu** : NaOH) samples under batch and flow conditions. For the
batch synthesis, the XRD average grain size was calculated as
16.18 nm, according to the Debye-Scherrer equation (eqn
(S1)t), with the SEM diameter (Fig. S6t) yielding an average of
99 nm (2f) with a standard deviation of 29.3 nm. However,
significant aggregation in the batch samples made diameter
estimation from SEM difficult. For the flow synthesis, analysis
of the powder obtained under XRD showed strong peaks cor-
responding to the (002) and (111) lattice planes, the primary
peaks typical for the presence of CuO NPs (Fig. S11+t), with peak
broadening indicating a decrease in the crystal size. This yiel-
ded a calculated average grain size of 4.49 nm, smaller than that
measured for batch conditions. This also corresponds to the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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shift in size measured in the SEM with a smaller mean particle
size of the flow sample of 59 nm, which also showed a narrower
size distribution with a standard deviation of 10.6 nm (Fig. 2f)
This significant difference in size between the XRD and SEM
indicates a highly polycrystalline structure of the flow-
synthesized NPs.

From the SEM images, it was clear that CuO NPs were
approximately spherical when synthesized under both regimes.
This is not typical for syntheses using NaOH to react with Cu®*
in the absence of other additives or at room temperature.”*'-¢
In contrast to previous studies, this morphology may be the
result of several factors, including the smaller relative reaction
volumes, pH effects, solvent effects and the reduced reaction/
aging time of the NP products. We hypothesize it is a combi-
nation of the proposed factors, with solvent effects having the
most significant impact due to differences in dielectric
permittivities that reduce the electrostatic interactions between
charged species in 1-octanol (dielectric permittivity = 9.86)*
compared to typical syntheses described above that use water or
ethanol (dielectric permittivity 79.99 and 25.02, respectively).*®
This was seen in a previous study from Ganga et al. that looked
at the solvent effect on CuO NP morphology during synthesis;
switching from distilled water (DI) to DI:ethanol mixture
changed morphology of CuO from nanorods to near-spherical
particles.” However, that experiment was carried out at
elevated temperatures (70 °C) compared to the room-
temperature approach explored in this study.

Despite the reduced size and improved uniformity of NPs
synthesized under flow conditions, there was still a significant
degree of aggregation. For example, DLS analysis of the 1:12
Cu**':NaOH sample showed a volume mean size of 642 nm
(Fig. 2g), more than an order of magnitude greater than the mean
core diameter calculated from SEM analysis (59 nm), as a result of
the aggregation within the NP solution. Visual observation of the
products found that for the as-prepared CuO NPs, dispersions
exhibited clear signs of aggregation within the organic media.

To quantify the aggregation behavior of samples after
synthesis and cleaning, ex situ UV-vis was used to measure the
absorption spectra every 5 days for 30 days. The 1:12 Cu**:
NaOH flow product was chosen for study. Over time, absor-
bance steadily decreased by approximately 50%, indicating the
general instability of the material without the presence of active
stabilizing strategies (Fig. 3).

The results of this part of the study indicate that when
comparing the relatively simple platforms used in this work there
were benefits to the flow synthesis over the batch approach, with
products yielding smaller particles with narrower size distribu-
tion for the same synthesis. However, aggregation and colloidal
instability remained an issue in both cases. Therefore, we moved
on to investigate novel ligand combinations for CuO as a means
to improve colloidal stability, as well as investigating their ability
to modify the characteristics of the NPs.

2.3 Ligand study for flow synthesized CuO NPs

2.3.1 OAc/OAm versus soy lecithin as capping ligands. The
oleic acid and oleylamine (OAc/OAm) binary ligand pair was

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Evolution of UV-vis absorption spectra of the 1:12 colloidal
suspension synthesized in flow recorded over 30 days.

selected for study as it has been previously seen to act as an
effective ligand strategy for various colloidal NP classes,’
including Cu NPs.”” To the best of our knowledge, this is the
first time this combination has been used in the synthesis of
CuO NPs. With the presence of 1.25 mM of the OAc/OAm in the
reaction solution, the overall band gap energy of the NP product
increased by 170 meV (Fig. 4a) relative to the CuO NPs with no
ligand (Fig. 2e), indicating a decrease in the size or improve-
ment in the dispersity of the synthesized nanoparticles. Upon
increasing concentration up to an excess level (18.75 mM) of
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Fig. 4 (a) corresponding band gap energies of the CuO NP colloidal
solutions synthesized using OAc/OAm binary and soy-lecithin flow
conditions. Photographs of CuO NPs synthesized in flow at 1:12
Cu?*:NaOH ratio using (b) oleic acid (OAc) and oleylamine (OAm)
binary mixture, and (c) soy-lecithin zwitterion at various molar
concentrations.
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OAc/OAm relative to Cu®", there was a slight increase in band
gap energy of 80 meV between 1.25 mM to 18.75 mM, indicating
a shift in the electronic properties of the NP solution as we
increase the ligand concentration (Fig. 4b).

Lecithin was also investigated as a ligand because it has
emerged as an effective ligand for colloidal nanoparticle
synthesis and capping.® It exhibits a zwitterionic nature over
a wide pH range, containing both positive and negative charges
due to the presence of a choline molecule (-(CH,),-N"~(CHj3)3)
and a phosphate group (PO,*7) in its structure, respectively.
Lecithin has been shown to achieve stronger binding compared
to the binary ligand pair of OAc/OAm, and confers colloidal
stability in different organic solvents.'®***® Similar to the binary
pair, lecithin also showed an increase in band gap energy in
contrast to CuO NPs synthesized under the conditions without
additives. However, the shift was significantly greater than that
of the OAc/OAm pair, with an increase of 290 meV upon intro-
duction with 1.25 mM lecithin, greater than the total increase in
band gap energy across the entire concentration range of the
OAc/OAm binary ligand pair (Fig. 4a). With a steady increase of
240 meV between 1.25 mM up until an excess of lecithin was
introduced, giving a total shift of above 500 meV starting from
no ligand across this concentration range.

Interestingly, at 12.5 mM and 18.75 mM, corresponding to
the equimolar and slight excess ratios of ligand to Cu** (12.5
mM), the colloidal solutions did not fully transition to the
brown/yellow solution and instead appeared to transition to
a lighter yellow/green solution (Fig. 4c). This suggests that at
excess concentrations of lecithin, the ligand suppresses the
reaction of the copper precursor species with NaOH, resulting
in a larger concentration of precursor/intermediate species
under the same conditions within the solution, indicating that
the concentration of lecithin used in the synthesis needs to be
carefully optimized.

The comparative analysis of OAc/OAm and soy lecithin as
capping ligands for CuO nanoparticles reveals that lecithin is
more effective at tuning the electronic properties of the nano-
particles. While both ligands increase the band gap energy,
indicating smaller or more monodispersed nanoparticles, the
effect is notably more pronounced with lecithin, which achieves
a significant band gap shift of over 500 meV.

Evidently, there will be a dynamic interplay between the
lecithin, the Cu(OAc), precursor, the reaction intermediate
Cu(OH),, the CuO nuclei and growing particles. We propose
that for already small and stable NPs (e.g. NPs synthesized at
higher NaOH/Cu®" ratios), at a certain point, the further
increase in ligand concentration does not necessarily result in
smaller, more monodisperse nanoparticles. Upon full surface
coverage of ligands on the surface of the NPs, there could no
longer be further growth, and size would reach an equilib-
rium.” The increased concentration, in this case, will instead
impact the interaction between the precursor and intermediary
species within the reaction solution. This may be via steric
hindrance within solution between precursor species, or
through binding of the ligand to the precursor salt ions.*® For
strongly binding ligands, where dissociation of the ligand is less
labile, this may result in a regime where both scenarios are
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present. Under these conditions, nucleation is both delayed
(due to coordination to the precursors) and where NPs can
nucleate, growth and aggregation are inhibited, resulting in
a mixed NP environment with a higher PDI. This behavior has
also been seen in palladium nanoparticles generated from
palladium acetate.** For more dynamic binding ligands, such as
the OAc/OAm binary pair, labile association and disassociation
of the ligands means that even when they are in excess, this
equilibrium allows for nucleation and growth to proceed,
although at a slower rate.*

From this, we concluded that the interesting behavior of the
soy-lecithin ligand warranted further investigation. However, it
was clear the ligand concentration would require careful opti-
mization, and as a result, soy-lecithin was taken forward for
further investigation.

2.4 Optimization of the lecithin-capped CuO NPs via rapid
parameter screening

A key advantage of the flow reactor is the ability to rapidly scan
many conditions in a multidimensional parameter space, and
map outputs as a function of inputs. This helps to understand
the effect of each parameter and select optimal reaction
conditions toward to a desired goal. It is well reported that key
parameters such as NP band gap and size distribution are
important for applications in applications such as photovoltaics
and catalysis. Therefore We decided to target CuO NPs of
a minimal size and PDI. We sought to control two input vari-
ables, the lecithin concentration (5 points) and NaOH concen-
tration (5 points, represented as Cu>": NaOH molar ratios) to
study their impact on the band gap energy of the CuO NPs as
our output variable (as a proxy for minimizing the NP size). This
gave an array of 25 data points from the equivalent number of
experiments, which were then fitted using a thin plate spine,
yielding the contour plot shown in Fig. 5a. We hypothesize that
the peak in this response surface should correspond to the CuO
NPs of the lowest diameter and PDI.

From the contour plot (in Fig. 5a), we observed a clear peak
in the band gap energy (denoted by a star), corresponding to
a1:31 ratio of Cu”": NaOH at a lecithin concentration of 7 mM.
As previous results above suggested that this peak should
correspond to the minimum particle size and polydispersity
index, and we sought to prove this by conducting DLS analysis
on specific samples (denoted by dots and crossed in the contour
plot).

First, we performed 6 experiments at the 0 mM lecithin
condition (dots in Fig. 5a), corresponding to ratios of 4, 8, 12,
24, and 36, plus 31 for its correspondence with the peak (star).
These samples were filtered, purified, redispersed in 1-octanol.
DLS analysis confirmed that the increase in the band gap energy
corresponds to a reduction in the average measured diameter of
the NPs, with a decrease in the Z-average particle diameter of
744.5 nm at a 1:4 ratio, down to 108.1 nm at a 1:36 ratio
(Fig. 5b). Further, all of these samples had a relatively high
polydispersity index (PDI) between 0.225-0.661 (5b, in red)
suggesting a high degree of aggregation and sedimentation,
which would be expected without ligands.®® For highly

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.5 (a) Contour plot where crosses indicate positions analyzed offline in Section c. (b) Particle size (Z-average) of the CuO NPs synthesized at

various Cu?* : NaOH ratios. (c) Particle size (Z-average) of the CuO NPs synthesized using 1: 24 Cu®* : NaOH ratio at various lecithin concen-
trations. (d) Evolution of UV-vis absorption spectra of the 1: 31 colloidal suspension synthesized in flow at various lecithin concentrations
recorded over 30 days. (e) Evolution of UV-vis absorption spectra of the 7 mM lecithin CuO suspension synthesized in flow recorded over 30
days. (f) Particle size histograms calculated from DLS of the 7 mM lecithin CuO suspension — fresh and after 32 days.

monodisperse samples typically PDI is =0.1. In this work, we
did expect a certain degree of polydispersity since we were
exploring the trend in the behaviour of the PDI against the
specific conditions used in the parametric scan. For the best
possible NPs further optimization would be required.
Subsequently, we performed an additional 4 experiments
with lecithin concentrations of 1.25,7,12.5,and 18.75 mM at 1 :
31 Cu®": NaOH ratio (crosses in Fig. 5a). Here the 7 mM sample
corresponds to the contour plot peak (star). Data from these
samples (Fig. 5¢) showed that increasing lecithin concentration
led to a reduction in the Z-average particle size, with the
sharpest step seen between 0 mM lecithin (121.8 nm) and
1.25 mM lecithin (78.6 nm). The star condition yielded a Z-
average diameter of 61.8 nm, with no significant difference seen
with further increases in lecithin. A more dramatic effect was
seen in the PDI, which dropped sharply between the 0 mM
lecithin (0.661) and 1.25 mM (0.248) conditions, and reached
a minimum at 7 mM lecithin (0.127). The subsequent increase
in PDI with further increases in the lecithin, which corresponds
well with the band energies in the contour plot, where the peak
band gap energy corresponds with the minimum in the PDI,
and near minimum in the particle diameter. This indicates that
the overall band gap energy of the CuO NPs is dependent on
both the size and polydispersity of the colloidal suspension. As
such, even where the average size was smaller or comparable to

© 2025 The Author(s). Published by the Royal Society of Chemistry

the highlighted peak conditions, the presence of larger parti-
cles, aggregates, and impurities caused a decrease in the overall
band gap energy of the colloidal suspension. Previous work
looking at the effect of polydispersity on the band gap energy of
semiconductor NPs also highlights this effect.

To evidence binding of the lecithin to the final CuO samples,
we studied the purified CuO NP powders using FTIR spectros-
copy (Fig. S16%), which showed characteristic behaviour of CuO
for all samples studied (0, 6.25 and 18.75 mM lecithin).”* Upon
increasing lecithin concentration, we observed a strong peak at
approximately 1034 cm ™, which is strongly present in soy-
lecithin precursor sample and has been assigned to the highly
overlapped PO, and P-O-C infrared active vibrations in the
phosphate group.*

We show that it was possible to achieve rapid optimization of
the CuO NP synthesis toward minimizing NP size and size
dispersity by seeking to maximize the band gap energy in
a multidimensional parameter scan, and that the flow reactor
with inline absorption measurement was an effective means of
achieving this.

2.5 Effect of lecithin on colloidal stability of CuO
nanoparticles

Finally, we sought to assess the colloidal stability of the lecithin-
capped CuO NPs, looking toward their application as a colloidal
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ink for application device fabrication. To determine the aggre-
gation behavior of the colloidal solutions directly, UV-vis
evolution analysis was again used as a proxy for particle sedi-
mentation (Fig. 5d), for several concentrations of lecithin (0,
1.75,7,12.5 and 18.75 mM). This was done by repeating the UV-
vis absorption spectra every 5 days for 30 days. As seen in
Fig. 5d, the best performing sample was the 7 mM (corre-
sponding to the green star sample), whose absorption (at 325
nm) only 5.2% in 30 days, compared to 53.5% and 23.3% for no
ligand (Fig. 3) and 1.25 mM lecithin samples (Fig. S17),
respectively. The 12.5 and 18.75 mM samples showed an
increase in stability relative to very low lecithin samples,
however not as stable as the 7 mM sample with a 7.5% and 9.5%
decrease in maximum absorbance, respectively (Fig. S177).

After 32 days, DLS was used to again assess the optimized
7 mM product, and it could be seen that the volume mean of the
sample increased by just 10 nm after a month, with a slight
increase in the PDI from 0.127 to 0.150 (Fig. 5f), indicating the
presence of stable CuO particles and confirming the effect of
lecithin as a viable and effective ligand for CuO NPs.

3 Conclusions

This study has demonstrated a novel room temperature, facile,
and reproducible method for synthesizing copper(u) oxide
(CuO) nanoparticles (NPs) using a continuous flow reactor.
Compared to the analogous batch synthesis, the developed flow
synthesis method yielded smaller CuO nanoparticles (59 nm
compared to 99 nm) with narrower size dispersity, as observed
under SEM. Additionally, the developed flow synthesis elimi-
nates the need for high temperatures, pressures, or complex
mixing techniques, making it an environmentally friendly and
scalable option for producing high-quality CuO nanoparticles.

This work successfully integrated the use of ligands such as
the oleic acid/oleylamine (OAc/OAm) pair and soy lecithin in the
synthesis process. The novel introduction of lecithin not only
facilitated control over the electronic properties of the nano-
particles but also significantly improved the colloidal stability,
extending the potential applications of these nanoparticles. A
mechanism for the ligand interaction with the CuO NPs during
nucleation and growth was also proposed based on the litera-
ture, and this hypothesis will be explored and validated in
a focused study on the ligand chemistry of the synthesized CuO
NPs.

The utilization of a flow reactor with microfluidic compo-
nents enabled rapid parameter scanning in a multidimensional
parameter space. This capability allowed for the optimization of
reaction conditions, specifically identifying the ligand and
NaOH concentrations that produce CuO NPs with minimal size
and polydispersity index (PDI). The optimized conditions ach-
ieved in this study resulted in nanoparticles with an average
diameter of ca. 60 nm and a low PDI of 0.127 indicating
a narrow dispersity of NPs which remained stable for 32 days.

We also note that reactor fouling is an important consider-
ation in the development of flow reactors and reaction for the
synthesis of nanomaterials®*® Whilst fouling and its effects were
not observed during the current work, we were judicious in
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flushing the reactor between experiments and periodically
replacing tubing, and experiments were run typically less than
2 h. We advise that such precautions are important in devel-
oping and running flow synthesis of nanomaterials, and point
to the fact that there are various approaches to avoid fouling.”
The findings from this study underscore the significant
advantages of using continuous flow chemistry for nanoparticle
synthesis, particularly in terms of efficiency and control over the
synthesis process. The results are not only significant for CuO
nanoparticles, as the approach could be extended to a wider
range of metal and metal oxide nanoparticles. The methodology
we have outlined represents and accessible and effective
approach to synthesis optimization for colloidal nanoparticles,
with the ability to rapidly modify reaction conditions and
immediately observe the effects on nanoparticle properties,
providing a powerful tool reaction and product development.

4 Materials and methods
4.1 Materials

Copper(u) acetate monohydrate (Cu(CH3COO),-H,0, 98%,
Merck), sodium hydroxide (NaOH, 98%, Merck), lecithin (>97%
from soy, Carl-Roth), oleic acid (OAc, 90%, Merck), oleylamine
(OAm, 70%, Merck), 1-octanol (>99%, Merck), ethanol (99.8%,
Merck).

4.1.1 Precursor preparation

4.1.1.1 Copper acetate solution. Copper acetate mono-
hydrate powder was dissolved in 1-octanol (to 25 mM) at 80 °C
to obtain a deep blue solution and allowed to cool.

4.1.1.2 Sodium hydroxide solution. Sodium hydroxide pellets
were dissolved in a 1: 1 solution of 1-octanol : ethanol (to 1 M).
For batch experiments, this was diluted with the 1: 1 1-octanol :
ethanol mixture to make up five solutions of 0.9, 0.3, 0.1, 0.05,
and 0.025 M molar concentrations.

4.1.1.3 Ligand solutions. For the lecithin solution, soy-
lecithin powder was dissolved in 1-octanol (150 mM). For the
OAc/OAm solution, oleic acid and oleylamine were mixed in
a 1:1 ratio and dissolved in a solution of 1-octanol (150 mM).

4.2 Flow reactor setup

The flow reactor (Fig. 2a) was constructed of syringe pumps Pico
Elite OEM syringe pumps (Harvard Apparatus) connected to 750
pm FEP (fluorinated ethylene propylene) microfluidic tubing
(Cole-Parmer, UK) to feed the precursors into the corresponding
connectors. The connectors used were the T- and cross-
connector pieces (Cole-Parmer, UK). For the reaction tubing,
FEP tubing with an internal diameter of 750 pm was used. The
connector pieces were fixed in position and the reaction tubing
was fixed taut. The length of the reaction tubing was cut to
correspond to a 5 min residence time, and was fed into
a microfluidic flow cell (Avantes B.V., Netherlands) for in situ
absorption measurements. This was connected to a spectrom-
eter (AvaSpec-ULS2048XL-EVO, Avantes B.V., Netherlands) and
a light source (AvaLight-DHc, Avantes B.V., Netherlands) for in
situ absorption measurements.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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4.3 Batch synthesis

The reaction synthesis proceeded by the mechanism described
by Sonia et al.** Five 1 mL colloidal solutions of CuO were made
up by adding copper acetate and 0.9, 0.3, 0.1, 0.05, and 0.025 M
of sodium hydroxide, respectively, to a vial in a 1:1 volume
ratio. The conditions are specified in Table S1.1 This approxi-
mately corresponds to the following molar concentration ratios
of 1:1,1:2,1:4, 1:12, and 1:36. The mixture was stirred at
room temperature until there was no longer an observable color
change in the solution.

4.3.1 Residence time determination. To determine an
appropriate residence time of reaction in flow, we performed
baseline experiments in batch to determine the required time of
synthesis. The reaction was studied via in situ absorption
spectroscopy. Reaction solutions were pipetted into a cuvette
inside a cuvette holder (CUV-ALL-UV/vis, Avantes B.V, Nether-
lands) with a 10 mm path length, connected to a spectrometer
(AvaSpec-ULS2048XL-EVO, Avantes B.V., Netherlands) and
a light source (AvaLight-DHc, Avantes B.V., Netherlands). The
cuvette holder was placed on a magnetic stirrer. The desired
amount of copper acetate was loaded into the cuvette and stir-
red. After 5 s, the corresponding amount of sodium hydroxide
was injected into the stirring solution and the reaction was
allowed to proceed for 5 min.

4.4 Flow synthesis

4.4.1 Single-phase flow synthesis. For flow synthesis, each
precursor solution and the 1-octanol solution were loaded into
separate glass syringes and placed onto Pico Elite OEM syringe
pumps (Harvard Apparatus, USA). A 1 M solution of NaOH was
used. The syringe pumps were then run using the conditions
specified in Table S2f via a custom Python program.

4.4.2 Single-phase ligand-guided flow synthesis. Each
precursor solution was loaded into separate glass syringes, and
the ligand solution and 1-octanol solutions were loaded into
additional glass syringes. A 2 M solution of NaOH was used. All
solutions were placed onto syringe pumps as in Fig. 2a. The
syringe pumps were then run using the conditions specified via
Table S3t1 a custom Python program.

4.5 Purification

After synthesis, subsequent NP colloidal solutions were washed
with 4 mL of ethanol and 10 mL of distilled water and centri-
fuged at 3000 rcf for 15 min. The supernatant was then sepa-
rated, and the precipitate was washed once again with 15 mL of
distilled water and centrifuged at 3000 rcf for 10 min. Centri-
fugation was performed using a 5702 EU-IVD (Eppendorf, Ger-
many). The collected pellet was dispersed in 5 mL of 1-octanol.

4.6 Characterization of CuO NPs

Characterization of CuO NP made in batch and flow was made
by in situ and ex situ UV-vis absorption spectroscopy, powder X-
ray diffraction (PXRD), Scanning Electron Microscopy (SEM),
Fourier Transform Infrared Spectroscopy (FT-IR) and Dynamic
Light Scattering (DLS).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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4.6.1 In situ UV-vis absorption. In situ absorption spec-
troscopy was conducted using an AvaSpec-ULS2048XL-EVO fibre
optic spectrophotometer (Avantes B.V., Netherlands) integrated
directly into the flow reactor directly post-reaction using
a custom 3D printed micro flow cell with 1.5 mm optical path
length, measuring from 325-800 nm wavelength.

4.6.2 Ex situ absorbance spectroscopy. Ex situ absorbance
spectroscopy was conducted using a UV-1800 UV/Visible Scan-
ning Spectrophotometer (Shimadzu, Japan) measuring from
300-800 nm wavelength.

4.6.3 PXRD. NP composition and grain size analysis was
performed using a D8 Advance X-ray diffractometer (Bruker,
USA).

4.6.4 SEMJ/EDS. NPs were characterized using a Supra 55
VP Scanning Electron Microscope (Zeiss, Germany). A small
amount of the synthesized CuO NP colloidal solution was
washed, redispersed in ethanol, and drop cast onto a carbon
substrate and placed onto an aluminum stub using carbon tape.
For the batch sample, the NP colloidal solution was pipetted
onto a silicon substrate prior to SEM. SEM size distribution
analysis was performed using Image] analysis software from
100 individual particles from Fig. S6 and S12.f

4.6.5 FT-IR. NPs were characterized using an IRXross with
QATR-10 attachment (Shimadzu, Japan). A small amount of the
synthesized NPs was purified and dried under vacuum to obtain
the NPs in the powder form. A small quantity of the powder was
subsequently analyzed. Soy-lecithin sample was analyzed
directly without any modification or purification.

4.6.6 DLS. DLS measurements were conducted to deter-
mine the hydrodynamic size distribution of the CuO NPs in
solution. Analysis was conducted using a Zetasizer Nano (Mal-
vern Panalytical, United Kingdom).

4.7 Colloidal stability

For colloidal stability measurements, UV-vis absorbance
measurements (UV-1800 UV/Visible Scanning Spectrophotom-
eter, Shimadzu, Japan) were taken every 5 days for 30 days.
Additionally, DLS of the desired CuO NPs were taken fresh and

after 32 days.
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