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Abstract: We report a simple synthesis process for a wide variety of ultrasmall nanocrystals. Simply
immersing a dialysis bag containing an aqueous solution of a metal salt mixed with citric acid in
a NaOH solution reservoir for 10 min, nanocrystals measuring only a few nanometers in size are
formed inside the dialysis bag. We demonstrated the synthesis of ultrasmall nanocrystals of Co, Ni,
Cu, Ag, Au, Pd, Cu;0, FeO, and CeO,, and found that the gradual change in pH caused by the
diffusion of OH™ ions through the dialysis membrane played an essential role in the formation of
these nanocrystals. This method can be readily adapted for almost all transition metal elements,
providing researchers in the fields of catalysis and nanomedicine an easy access to a wide range of
ultrasmall metal and oxide nanocrystals.

Keywords: nanocrystals; nanoparticle synthesis; liquid diffusion

1. Introduction

The last two decades have seen an exponential growth in research into the synthesis
of colloidal metal and metal oxide nanocrystals, which is one of the most active research
fields in chemistry. This was initially driven by the potential usage of colloidal nanocrystals
as a building block for heterogeneous catalysts for chemical industry and as a model
system to study their catalytic mechanisms [1,2]. Later, their potential applications as
nanomedicine [3,4] and artificial enzymes (nanozymes) [5,6] further fueled enthusiasm in
this research field.

Myriad methods have been developed and optimized to synthesize a variety of
nanocrystals [7,8]. For metal nanocrystals, there are, in general, two strategies [7,8]: bottom-
up and top-down methods. In the bottom-up approach, metal nanocrystals are synthesized
by reducing metal ion precursors in the presence of suitable ligands. It is the most efficient
way to nucleate clusters (nanocrystals), and most importantly, such nucleation can be
controlled by varying the quantities of the ligands and reducing agents or by varying the
solvents. Aqueous and organic soluble metal nanocrystals can be produced using these wet
chemical methods [9] such as the reduction in metal salts [10-16] and the decomposition
of organometallic precursors [17-20]. Though this approach is the most popular synthesis
method for metal nanocrystals, such synthesis is usually conducted at an elevated tempera-
ture, and often uses an expensive or dangerous reducing agent such as inorganic or organic
hydrides and organic solvent. To speed up the chemical reactions, different energy forms
have been applied to assist the nanocrystal synthesis process. Microwave irradiation has
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been used for the synthesis of uniform and monodisperse Au nanocrystals [21]. Electromag-
netic field of microwave causes the oscillating friction between polarized molecules, which
heat up the entire solution. Homogeneous and rapid heating in a solution induced by the
microwave irradiation can offer homogeneous nucleation and shorter crystallization times.
Sonochemical synthesis is another effective strategy for preparing nanocrystals, in which
ultrasound is irradiated into a liquid and triggers the nucleation, growth, and implosive
collapse of bubbles (acoustic cavitation) in liquid [22]. During treatment, very high temper-
ature, pressure, and extremely rapid cooling rates can be achieved, so providing a unique
platform for the growth of nanocrystals [23,24]. In 2001, Dickson et al. [25] first demon-
strated that nanocrystals could be produced by photoreduction without the addition of
reduction agents. Metal ions encapsulated in microgel could efficiently and spontaneously
form nanoclusters under sunlight. Aqueous microgel dispersions can produce H*, OH®,
and perhaps also other organic radicals by the irradiation of UV, which can reduce metal
ions into metal atoms [26]. In the top-down method, a metal nanoparticle is initially synthe-
sized which is then treated with extra ligands or metal ions to form nanocrystals [27-34].
In such ligand-induced etching, atoms are detached from the nanoparticles surface by the
ligand and then form nanoclusters through strong atom-atom interactions [35]. For the
case of gold nanocrystals, in the presence of excess thiol, the surface-Au atoms of AuNPs
are removed leading to the formation of Au(I)-thiolate complexes and these complexes can
then undergo strong Au(I)-Au(I) interactions to form gold nanoclusters [36].

For metal oxide nanocrystals, the focus has been on the superparamagnetic iron oxide
(magnetite Fe3O4 or maghemite Fe;O3) nanocrystals (SPIONSs). In the last three decades,
mainly driven by their potential biomedical applications such as serving as MRI contrast
and/or hyperthermia treatment agents, many synthesis methods have been developed
to produce SPIONS, including co-precipitation [37,38], hydrothermal and solvothermal
syntheses [39-42], thermal decomposition [43,44], microemulsion [45], sol-gel reaction
and polyol [46,47], sonochemical [48], and microwave-assisted synthesis [49]. But co-
precipitation and hydrothermal and solvothermal syntheses are by far the most commonly
used method. Using the co-precipitation method to produce magnetite nanoparticles is
a convenient and low-cost method enabling rapid, large-scale production, in which salts
of Fe?* and Fe®" ions (with molar ratio 1:2) co-precipitate in a basic solution at room
temperature or under heat. However, the resulting nanoparticles have a fairly large size
distribution and often aggregate together with a poor crystallinity which may compromise
their magnetic properties. Hydrothermal and solvothermal syntheses typically create
SPIONSs with an excellent uniformity. In the hydrothermal method, iron precursors are
exposed to vapor in a sealed container and placed under high pressure and temperature
conditions in an aqueous medium. The solvothermal method replaces water by other
organic solvents, allowing the formation of monodisperse SPIONs with higher crystallinity
and better controlled shapes. But SPIONs synthesized with organic solvent are usually
hydrophobic and often need a ligand exchange process to be transferred into water.

Here, we report a simple process using aqueous solution at room temperature to
produce a variety of ultrasmall metal and metal oxide nanocrystals. In this method, no
particular setup is needed; only a beaker and a piece of dialysis membrane are used. Dialysis
membrane is commonly used in biology laboratories for a variety of applications including
desalting, buffer exchange, removal of labeling reagents, drug binding studies, cell growth
and feeding, virus purification, and blood treatment. Dialysis membranes are composed of
regenerated cellulose and contain a broad range of pore sizes to separate molecules based
on size. This is the first time that dialysis tubes have been used in nanocrystal synthesis.
We make use of the gradual change in pH caused by the diffusion of OH™ ions through the
dialysis membrane to simultaneously access a wide range of pH in the solution, including
a pH that can trigger a chemical reaction to produce nanoparticles. This simple method
can be readily adapted for almost all transition metal elements. Therefore, it can provide
researchers in different fields an easy access to a wide range of ultrasmall metal and oxide
nanocrystals, which is particularly useful for scientists without a regular wet chemistry lab.
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2. Materials and Methods
2.1. Materials

The chemicals including cobalt (II) chloride hexahydrate (CoCl,-6H,O, 98%), nickel (II)
chloride hexahydrate (NiCl,-6H,0O, 98%), copper(Il) chloride dihydrate (CuCl,-2H,O > 99.0%),
silver nitrate (AgNO3, 99%), gold (III) chloride trihydrate (HAuCly-3H;0, 99.9%), platinum
(II) chloride (PtCly, 98%), palladium (II) chloride (PdCl;, 99%), cerium (II) chloride hep-
tahydrate (CeCly-7H,0, 99.9%), citric acid (C¢HgO7, 99.5%), and dialysis tubing cellulose
membrane (MWCO 14000) were purchased from Sigma-Aldrich (St. Louis, MO, USA).
Furthermore, copper (II) chloride dihydrate (CuCl,-2H,0, 99%) was obtained from Alfa
Aesar (Ward Hill, MA, USA) and sodium hydroxide (NaOH, 97%) was purchased from
Thermo Fisher Scientific (Waltham, MA, USA). All aqueous solutions were prepared in
Millipore Milli-Q DI water (18 MQ) cm) which was provided from a Millipore Gradient
Milli-Q water system (Billerica, MA, USA).

2.2. Synthesis Process of Ultrasmall Metallic Nanocrystals

The entire synthesis process for using making metal Cu nanoparticles is illustrated in
Figure S1. Simply replacing CuCl, with CoCl,, NiCly, HAuCly, AgNO3, PdCly, and PtCly,
respectively, the same process is used to produce Co, Ni, Au, Ag, Pd, and Pt ultrasmall
nanoparticles.

First, a mixture of 1.5 mM of citric acid and 1.5 mM of CuCl, is stir-mixed for 30 min.
Next, the mixture is transferred to a dialysis bag, followed by immersing the dialysis bag
into a 0.5 M NaOH solution for 2 h at room temperature. The pH variation was monitored
during the synthesis using a Mettler Toledo SevenEasy 520 pH meter (Columbus, OH,
USA). At the end of the fixed time period, the solution inside the membrane is collected,
followed by centrifugation using an Eppendorf Centrifuge 5418 at 14,000 rpm for about
20 min to precipitate the large precipitates. Then, the resultant supernatant is mixed with
acetone at a 4:1 (acetone: supernatant) ratio. The mixture is centrifuged at 14,000 rpm for
20 min. The precipitation is collected and diluted with DI water, and then transferred to a
new dialysis bag to be washed inside DI water. For Cu, Ag, Au, Pd, and Pt, the washing
process lasted 12 h with DI water being replaced every two hours. For Co and Ni, the
washing process lasted 3 h. After washing, the nanoparticle suspension was frozen and
lyophilized using a Labconco FreeZone freeze-dryer (Kansas City, MO, USA) to attain the
final particle powder.

2.3. Synthesis Process of Ultrasmall Oxide Nanocrystals

While immersing dialysis bag containing copper chloride and citric acid inside NaOH,
simultaneous stirring of the solution can develop Cu oxide nanoparticles. First, a mixture
of 1.5 mM of citric acid and 1.5 mM of CuCl, is stir-mixed for 30 min. Next, the mixture
is transferred to a dialysis bag and the dialysis bag is immersed into a 0.05 M NaOH
solution for 20 min at room temperature, keeping the solution inside the bag stirring with a
magnetic stirring bar placed in a plastic cage. Then, the collected solution is centrifuged
at 14,000 rpm for 20 min to separate precipitates of large (several hundred nms) particles.
Consequently, the resultant supernatant (with nanocrystals) is mixed with acetone with
a 4:1 (acetone:supernatant) ratio and centrifuged at 14,000 rpm for 20 min. Finally, the
precipitate is dialysis washed in DI water for about 12 h, while refreshing DI water every
2h.

2.4. High Resolution Transmission Electron Microscope (HRTEM) and Selected Area Electron
Diffraction (SAED)

The HRTEM and SAED were conducted using a Hitachi H-9500 HRTEM operated
at an accelerating voltage of 300 kV. The suspension of nanoparticles in DI water was
sonicated for about 20 min, and then spread on 300 mesh copper TEM grid covered with a
lacey carbon film and dried overnight.
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2.5. Magnetic Hysteresis Loop Measurement

The magnetic measurements were conducted at room temperature using a MicroSense
EV7 vibrating sample magnetometer (VSM). Ni or Co nanoparticle water suspension (very
high concentration) was dropped on a piece of silicon wafer, and then dried. This silicon
wafer was measured. The diamagnetic signal from silicon wafer and quartz sample holder
was subtracted to obtain ferromagnetic signal from Ni or Co.

2.6. UV-Vis Absorption Measurements

UV-Vis absorbance spectra of Cu, Au, and Ag nanoparticle suspension was measured
using a Perkin Elmer Lambda 35 UV-Visible Spectrometer. The samples were prepared by
re-suspending the washed metal nanoparticles in about 1.5 mL of DI water, followed by
transferring the suspension into 1.5 mL polystyrene semi-micro cuvettes. The slit width
was 1 nm and the scanning speed was 120 nm /min.

2.7. Fluorescence Measurements

Fluorescence spectra of colloidal Cu nanoparticles were recorded on a PerkinElmer
LS 55 Luminescence Spectrometer using 3.5 mL four-sided fused quartz cuvettes. The slit
width was 10 nm and the scanning speed was 100 nm/min.

2.8. Synthesis of Cu Nanocrystals with Different Time

In the same process described above for Cu nanoparticles, the synthesis time (the
time of immersion of dialysis bag inside the NaOH reservoir) was varied for 10 min,
20 min, 30 min, 60 min, and 600 min, respectively. The TEM micrographs of resultant Cu
nanoparticles are shown in Figure S2.

2.9. Synthesis of Cu Nanocrystals with Varied Concentration of NaOH in the Reservoir

In the same process described above for Cu nanoparticles, the concentration of NaOH
in the reservoir was varied for 0.005 M, 0.05 M, 0.1 M. No particles were collected using
0.005 M. The TEM micrographs of resultant Cu nanoparticles using 0.05 M and 0.1 M NaOH
are shown in Figure S3.

3. Results
3.1. Metal Nanocrystal Synthesis

Figure 1A depicts our simple setup, in which a dialysis bag containing a metal salt
and citric acid mixed in solution is immersed in a NaOH solution reservoir. After the
immersion for a certain period, ultrasmall metal or metal oxide nanoparticles form in the
solution inside the dialysis bag. We term this method as liquid diffusion synthesis (LDS).
Using 1.5 mM respective metal salt and 1.5 mM citric acid in the dialysis bag (10 mL),
0.5 M NaOH in the reservoir (1 L) and an immersion time of 2 h (Figure S1 for details), we
obtained ultrasmall nanocrystals of Co, Ni, Cu, Au, Ag, Pd, and Pt (Figures 1B-H and S2).
The size of these ultrasmall nanocrystals ranges from 2 nm to 5 nm. Measurements of
the magnetic properties of Co and Ni nanoparticles and plasmonic properties of Cu, Au,
and Ag nanoparticles confirm that they exist as metallic nanoparticles in solution (not
as byproducts of high energy electron beam reduction in HRTEM, since these properties
can only result from metal nanocrystals). It should be noted that synthesized Co and Ni
nanoparticles are not stable at a pH below 9, dissolving back into ions.
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Figure 1. Ultrasmall metal nanocrystals synthesized via LDS. (A) the LDS setup. HRTEM micrographs
of Co (B), Ni (C), Cu (D), Ag (E), Au (F), Pt (G), and Pd (H) nanocrystals with magnetic hysteresis
loops of Co (B) and Ni (C) nanoparticles and UV-Vis absorption spectra of Cu (D), Au (E) and Ag (F)
nanocrystals. The scale bars are 5 nm in TEM micrographs and 2 nm in the insets. All lattice fringes
are from (111) planes.

3.2. Cu Nanocrystals

We further chose the LDS process of Cu nanocrystals as a model system for more
detailed investigations, aiming to gain an insightful understanding of this method. It
was found that the size of nanoparticles is insensitive to the synthesis (immersion) time
(Figure S3). This suggests the possibility of upscaling the production of nanocrystals using
this method, in which a large dialysis bag is used to hold a large volume of solution
which would require a prolonged diffusion process. This process was further optimized
by varying NaOH concentration in the reservoir (Figure S4). It was found that using
0.05 M NaOH could produce a large amount of even smaller Cu nanoparticles with a
uniform size distribution. Due to their further reduced size (2 nm =+ 0.7, see Figure 2), these
nanocrystals become fluorescent with an emission wavelength of 570 nm and an excitation
wavelength of 410 nm (Figure 2). This demonstrates that for a particular metal element, the
parameters in LDS can be optimized to produce metallic ultrasmall nanoparticles with a
narrow size distribution.
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Figure 2. The diffusion process of OH™ ions controls the formation of Cu or Cu,O nanoparticles.
Cuy0 and Cu nanoparticles are produced using an identical synthesis process with and without
stirring in the dialysis bag, respectively. Cu nanocrystals have a size about 2 nm and are fluorescent.
Cu,O particles suspension showed its typical UV-Vis absorption spectrum. The scale bars of TEM
micrographs and SAED pattern are 10 nm and 5 nm ™!, respectively.

3.3. Oxide Nanocrystal Synthesis

When the solution inside the dialysis bag was vigorously stirred in otherwise the same
optimized Cu nanoparticle synthesis process, ultrasmall Cuy;O nanoparticles, rather than
Cu nanoparticles, were generated (Figure 2) (the mechanism is explained in the Discussion).
Using this process, oxide nanoparticles of FeO and CeO, were produced (Figures 3 and S6).
These extremely small nanoparticles have a size ranging from 1 nm to 3 nm. Citrate cannot
reduce these more reactive ions into metal, but for certain ions with multiple valences
such as Cu and Fe, the citrate still exhibits the ability to reduce these ions to a lower
valence state, as indicated by the reduction of Cu?* to Cul* and Fe3* to Fe?*. However,
for Ce, which is more reactive, Ce3* was oxidized into Ce**. The chelating effect of citric
acid significantly slows down the precipitation reaction of oxide nanoparticles. After the
nucleation of the precipitates is triggered, the growth process is so slow that the size range
of oxide nanoparticles remains within a few nanometers even after 10 min.
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Figure 3. Synthesized ultrasmall oxide nanoparticles. FeO (A) and CeO, (B) nanoparticles were synthe-
sized with 1.5 mM FeCl; and CeClj3 salt and 1.5 mM citric acid in the dialysis bag with vigorous stirring,
respectively, and 0.5 M NaOH in the reservoir. The scale bars of TEM micrographs corresponding to
nanoparticles distribution, lattice fringes, and SAED pattern are 5 nm, 2 nm, and 5 nm~1, respectively.

4. Discussion

The formation mechanisms of these ultrasmall metal nanocrystals are illustrated in
Figure 4.

The dialysis membrane forms a diffusion barrier for OH™ ions to gradually diffuse
from the reservoir into the solution inside the dialysis bag, so that a pH gradient (decreasing
from the pH of the NaOH reservoir to the initial pH) is generated in the solution, where
different parts of the solution experience a certain pH at different time points, and the
solution experiences a gradual pH change from the initial pH (typically about 2) to the pH
of the NaOH reservoir.

Citric acid is a weak chelating agent, binding metal ions in solution to form metal chelates.
As the pH increases, such chelates become unstable and gradually dissociate to citrate and metal
ions. Citrate has long been used as both the mild reductant and stabilizer to synthesize precious
metal nanoparticles such as Au, Ag, and Pd, which is referred as the Turkivech method [10-15]
and has extensively been investigated [50-54], where metal ions are thought to be reduced by
electrons released by oxidation of citrate to 3-oxopentanedioate:

0 OH o o 0 o
3 w . =3 M/u\ + CO,+ 3H"+3¢e
0 Y ~ - 2
oo o) Y
For Co, Ni, Cu For Ag, Au, Pt, Pd

Metal nanoparticles Ultrasmall metal nanoparticles
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Figure 4. Schematic formation mechanisms of nanocrystals in LDS process. A pH gradient is created
in the solution inside the dialysis bag. There exists a pH range, pHR. (i), in which metal ions are
reduced by citrate ions into metal atoms that nucleate and form ultrasmall nanocrystals.
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The solution pH can be tuned to control the reduction strength (reduction potential) of
citrate; the higher pH, the higher the reduction strength. There exists a pH range for each of
these metal ions in which they are reduced by citrate ions into metal atoms that nucleate and
form ultrasmall nanocrystals. For convenience of latter discussion, we refer to this pH range
as pHR; (i) where i represents different metal elements. Even though pHR.(i) is unknown,
it is guaranteed, as the pH radiates inward, that the solution will sequentially experience
pHRr(i). When a part of solution experiences pH outside pHRr(i), other precipitation
reactions or particle formation processes occur. For the cases of Co, Ni, and Cu, when pH is
lower than pHRr(i) but higher than a certain value, termed as pH,(i), citrate is not capable
of reducing metal ions into metal atoms, but oxide precipitation reactions can take place
to produce oxide nanoparticles. As the pH increases further, passing through pHRr(i),
the oxide precipitation reaction proceeds at a much higher rate than the citrate reduction
reaction, which leads to the formation of large oxide nanoparticles (Figure 2). For Ag, Au,
Pd and Pt, when the pH is lower than pHRr(i), metal ions are stable, and no reaction occurs.
As the pH approaches pHRr(i), the citrate reduction reaction takes place. However, if the
pH is higher than pHRr(i), the citrate reduction reaction rate is too high, which makes
nuclei quickly grow into large particles before they are fully capped by citrate ions. Only
within pHR(i) can the nucleated ultrasmall nanoparticles be sufficiently capped by citrate
ions to prevent them from growing larger. The large particles generated outside pHRr(i)
can be readily separated from the ultrasmall metal nanocrystals formed in pHRr(i) by a
simple centrifugation step. The formation of ultrasmall metallic nanoparticles of Co, Ni,
Cu, Au, Ag, Pd, and Pt, is accompanied by large particles of Co3O4, NiO, Cu;0, Au, Ag,
Pd, and Pt, respectively (Figure S5).

The formation of CuyO rather than Cu nanocrystals when the solution inside the
dialysis bag was vigorously stirred in otherwise the same synthesis process (Figure 2)
can be well explained by this formation mechanism. Stirring makes the diffusion process
proceed at a much higher rate and a pH gradient cannot be established in the solution. This
is direct evidence that a pH gradient in the solution is an essential condition to produce
metal nanoparticles. Since CuCl, was used in the reactant solution, the formation of Cu,0O,
instead of CuO, is attributed to the strong reduction capability of citrate ions at high pH.

To further confirm this mechanism, a simple liquid diffusion tube was constructed
(Figure 5A). One end of a plastic tube filled with the solution of 1.5 mM CuCl, and 1.5 mM
citric acid was covered with the dialysis membrane and immersed in the NaOH solution
reservoir. It was found that only ultrasmall Cu,O nanoparticles were generated when
0.05 M NaOH solution was used in the reservoir regardless of the immersion time. The only
difference between the tube setup and the dialysis bag setup is the ratio of the surface area
of the membrane to the volume of the solution, r, which linearly affects the diffusion rate;
the higher the ratio, the higher the reaction rate. r for the dialysis bag setup is much larger
than the tube setup (about 15 times higher in our experiments). The result indicates that
the synthesis product is also controlled by the diffusion rate of OH™ ions; a relatively high
diffusion rate is another necessary condition for generation of metal nanocrystals. Another
way to increase the diffusion rate is to use a higher concentration of NaOH solution inside
the reservoir. When 0.5 M NaOH solution was used in the reservoir for the tube setup, Cu
nanoparticles were indeed generated.
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Figure 5. (A) Schematic of liquid diffusion tube. (B) The concentration profile of OH™ in the
solution, modeled as the semi-infinite diffusion process with constant surface concentration. (C) The
concentration profiles after 70 min for LDS with 0.05 M and 0.5 M NaOH in the reservoir: low
concentration of NaOH creates a much more gradual pH gradient which makes large volume of the
solution experience a pH below pHRr(Cu) for a long time, and therefore, only oxide precipitation
reaction takes place and ultrasmall oxide nanoparticles form. High NaOH concentration forms a steep
pH gradient which makes pHRr(Cu) rapidly sweep through the whole solution volume generating
metal nanoparticles.

This diffusion process of OH™ ions at the early stage can be modeled as the semi-
infinite diffusion process with constant surface concentration, which has an error function
analytical solution to the Fick’s second law, with the concentration profile, C(x, t), being

expressed as:
C(x, t) = Cs — (Cs — Co) {1—erf<2jﬁ)] (1)

where x is the distance from the surface, t is the time, Cs the surface concentration, Cy
is the initial concentration in the solution, D is the diffusivity, and erf stands for error
function [26]. By taking Cp = 0,and D =5 x 1072 cm? /s [27], the concentration profiles
of OH™ ions in the solution from a reservoir containing 0.05 M (Cs) and 0.5 M (Cs) NaOH
solution, calculated using Equation (1), are plotted in Figure 5C, respectively. When 0.05 M
NaOH solution is used, a gradual pH gradient results in a slower rate of pH change in the
solution, so a large volume of the solution experiences a pH below pHR.(Cu) but above
pHy(Cu) for a long time, in which only the oxide precipitation reaction takes place and
ultrasmall oxide nanoparticles form. When 0.5 M NaOH solution is used, a steep pH
gradient makes pHR;(Cu) quickly sweep through the whole solution and the solution
experiences a pH below pHR;(Cu) for a much shorter period of time, subsequently forming
a larger fraction of metal nanoparticles [55].
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5. Conclusions

We show that diffusional adjustment of pH in reactant solution can be utilized to
produce nanocrystals in a controlled manner. It was found that there exists a pH range for
those metal ions in which they are reduced by citrate ions into metal atoms that nucleate
and form ultrasmall nanocrystals. Even though such range is unknown, it is guaranteed
that the solution will sequentially experience this pH range due to the pH gradient created
by the diffusion of hydroxide ions through the dialysis membrane.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/cryst14030240/s1, Figure S1: Schematic of liquid diffusion synthesis
steps to produce colloidal Cu nanocrystals title; Figure S2: TEM micrographs and SAED patterns
of ultrasmall various nanoparticles with different magnifications; Figure S3: TEM micrographs
of Cu nanoparticles produced with different synthesis time; Figure S4: TEM micrographs and
SAED patterns of Cu nanoparticles synthesized with various NaOH concentration; Figure S5: TEM
micrographs and SAED patterns of large particles formed during the synthesis process; Figure Sé:
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