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H,O, was demonstrated to narrow the size distribution and decrease the size of CuO and hydrous FeOOH
(2-line ferrihydrite) nanoparticles under conditions of high supersaturation. We introduce oxidation-
assisted alkaline precipitation (Ox-AP) and compare it to traditional alkaline precipitation (AP). While for
AP, a metal salt solution (e.g., CuCl,) is mixed with an alkali (e.g., NaOH), for Ox-AP, the more reduced
form of that metal salt solution (e.g., CuCl) is simultaneously mixed with that alkali and an oxidant (e.g.,
H,O,). The resulting precipitates were characterized with SEM, XRD, DLS and single particle ICP-MS and
shown to be nanoparticles (NPs). Ox-AP CuO NPs were up to 3 times smaller than AP NPs. Ox-AP
FeOOH NPs were up to 22.5% smaller than AP NPs. We discuss and propose a possible mechanism of
Ox-AP through careful consideration of the known reaction chemistry of iron and copper. We propose
that an increased monomer formation rate enhances the nucleation rate, which ultimately results in
smaller particles with a more narrow distribution. The more distinct effect of Ox-AP on copper, was
attributed to the fast formation of the stable CuO monomer, compared to AP, where the Cu(OH), and/
or Cuy(OH)sCl monomers are more likely formed. Although, the exact mechanism of Ox-AP needs
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DOI: 10.1039/c9ra030869 experimental confirmation, our results nicely demonstrate the potential of using Ox-AP to produce

rsc.li/rsc-advances smaller NPs with a more narrow distribution in comparison to using AP.

According to classical nucleation theory (CNT),>® the particle
formation process via hydrolysis proceeds in four steps: (1) forma-
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We introduce oxidation-assisted alkaline precipitation (Ox-AP) as an
alternative method to traditional alkaline precipitation (AP). With
AP, a metal salt (e.g:, CuCl,) is mixed only with an alkali (e.g:, NaOH)
to achieve the supersaturation and precipitation of a sparingly
soluble metal (oxy)(hydr)oxide (e.g., CuO). With Ox-AP the metal salt
of the more reduced metal ion (e.g:, CuCl) is mixed with both that
alkali and an oxidant (e.g, HyO,). A careful comparison is only
possible if the metal ion has at least two relatively stable oxidation
states in solution. For this reason, we chose aqueous copper- and
iron chloride solutions. The comparison of Ox-AP to AP is relevant
given that AP is frequently cited for the production of CuO and
FeOOH nanoparticles." Our original hypothesis was that, for the
same supersaturation values, AP and Ox-AP would yield nano-
particles with the same characteristics (ie., composition, size,
morphology, etc.).
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tion of zero-charge monomers in the form of [M(OH),(H,0)y.J’,
with metal ion charge z and coordination N, (2) creation of nuclei via
the olation and/or oxolation of zero-charge precursors, (3) growth of
the nuclei via addition of matter via olation and/or oxolation and (4)
aging of the primary particles via Ostwald ripening and/or aggre-
gation.® Recently, steps (3) and (4) have been scrutinized for several
systems, where meta-stable primary particles (i.e., pre-nucleation
clusters, primary nanoparticles, etc.), can also serve as building
blocks for growth of nanoparticles, a mechanism not included in
CNT. These mechanisms are coined nonclassical and most of the
recent findings are summarized in the review of De Yoreo and
coworkers."

CuO and FeOOH particles are easily produced via AP. For
example, mixing a CuCl, or FeCl; solution with a highly alkaline
solution (e.g., with NaOH) yields Cu(OH), or Fe(OH);, respec-
tively, which gradually (either fast or slow) form CuO or FeOOH
via oxolation. The overall reaction scheme simplifies to:

Cu** + 20H™ — Cu(OH), — CuO + H,0 (1)

Fe’* + 30H™ — Fe(OH); — FeOOH + H,0 (2)

This journal is © The Royal Society of Chemistry 2019
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where the coordinated water ligands of Cu®" and Fe*' are
omitted for clarity. The corresponding reaction quotients

Qcu(on), and Qreoon are:
QCu(OH)2 = GCuZ*Clorr2 = 'YCuz*VOH’Z[Cu2+][OH7]2 (3)
Ore(om), = aredon - = Yre+You [Fe” JOH T (4)

with a; the activities and v; the activity coefficients of a given
species i, and the concentrations of Cu®", Fe** and OH™ [mol
L~"] given in between square brackets.

CNT couples the chemical reactions of the monomer
formation to the physical process of phase separation (i.e., from
liquid to liquid + solid) via the concept of supersaturation. For
reaction precipitation, the supersaturation S [—] is defined as
the ratio between the reaction quotient Q and solubility product
Ky, as exemplified for Cu(OH),:

QC OH
Scuom), = — 2 (5)
Kip.culon),
with Ksp,Cu(OH)Z:
2
Ksp,Cu(OH)Z = dcu**,eqOH ,eq (6)

and a; ¢4 the equilibrium activities of species i.

If S > 1, the amount of reactants is in excess for equilibrium
and precipitation can occur. Often S needs to be many times
higher than 1 before precipitation occurs, depending on other
limiting factors (e.g., surface energy of the precipitate, temper-
ature, etc.). If § < 1, the amount of reactants is limiting for
precipitation and hence the reactants stay in solution. Accord-
ing to CNT, a higher supersaturation level increases the nucle-
ation rate which results in smaller particles.***

The (homogeneous) nucleation rate J [s~'] depends on
supersaturation via a power law, which in the simplest form is
written as:

S 10~Alog 57 7)
max
With Jimax [s~'] the nucleation rate at infinitely high supersatu-
ration and A [—] a collection of variables:**®
48,3y 12
278,2(ky T In 10)3}

A= 8)

with 8, [—] the form factor of the particle surface, y [J m~?] the
surface free energy per unit area, V [m’] the molecular volume,
B, [—] the form factor of the particle volume, kg [m® kg s> K]
the Boltzmann constant and T [K] the temperature.

A more elaborate approach, including for example hetero-
geneous nucleation and other important phenomena during
precipitation, is found in scientific CNT literature.**®*"
Although CNT demonstrated its usefulness in the past, recent
studies increasingly demonstrate the limitations of CNT. These
studies discovered different nonclassical crystallization routes
and the importance of chemical kinetics.****

In this study we refute our original hypothesis, by demon-
strating for two cases that Ox-AP yielded smaller nanoparticles
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with a more narrow size distribution than AP. Ox-AP achieves
these feats with as little as possible alteration of the supersat-
uration. Contrary to recent discoveries of nonclassical crystal-
lization routes, which are related to steps (3) and (4) of the
precipitation process, we believe that the effect of Ox-AP is
related to steps (1) and (2) of the precipitation process. We
discuss the possible nature of Ox-AP of CuO and FeOOH
through careful consideration of the known reaction chemistry
of iron and copper.

Experimental

Complete experimental details are described in the ESL

Preparation of the reagent solutions

A 10 mM metal chloride solution, supplemented with 0.5 M of
NacCl, was prepared for each of the metal ions discussed above
(i.e., CuCl,, CuCl, FeCls, and FeCl,, respectively). The NaCl was
a necessity in the case of CuCl, to keep Cu' in solution (for
complexing between CI~ and Cu’).® In the other cases, NaCl
was added to keep composition consistency between all cases.
To further isolate the effect of H,0,, we tweaked the individual
NaOH solutions, with or without 10 mM H,0, (100% excess), in
function of their matching metal chloride solution, to always
have the same theoretical leftover end-concentration of OH™
(0.01 M, ie., pH 12). This was deemed important, because
Jolivet and coworkers demonstrated the importance of pH on
the size of metal oxide nanoparticles.™

Preparation of the nanoparticles

To have a consistent reaction front and consistent mixing, the
solutions were mixed in a Y-junction by pumping them sepa-
rately at high equal volumetric rates, after which the mixture
was collected in a glass beaker. A summary of the electrolytes
and a schematic drawing of the Y-junction tubular mixing-
reactor are shown in Fig. 1.

Solution  MCI, [M]  HCI[M] NacCl[M]
a. CuCl, 0.01 0.1 0.5
b. CuCl 0.01 0.1 0.5
c. FeCly 0.01 0.1 0.5
d. FeCl, 0.01 0.1 0.5
\ Solution Precipitate Color pH
100 mL mint 200 mL mint a. CuO/Cu,(OH),Cl turquoise 11.5

b. Cuo

>-.:,~. p—
100 mL min/ ¢ FeOOH
/ d.

FeOOH
NaOH [M]  H,0,[M] NaCl [M]
a. 014 0.00 05
b. 013 0.01 05
¢ 015 0.00 05
d. 014 0.01 05

brown 115
orange 11.7

orange 11.7

Solution

Fig. 1 Schematic of Y-junction tubular mixing-reactor with reagent
characteristics and flow rates. Each metal salt solution is mixed with
a suitable alkaline solution to reach a theoretical pH of 12. Corre-
sponding influents are numbered equally with a, b, ¢ and
d respectively.
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Material characterization techniques

The steady state pH after mixing was measured with a pH probe.
Scanning electron microscopy (SEM) was used for the deter-
mination of size and morphology of the nanoparticles. X-ray
powder diffraction (XRD) was used for the determination of
the composition of the nanoparticles. Single particle inductively
coupled plasma mass spectrometry (sp ICP-MS) and dynamic
light scattering (DLS) were used for the determination of the
size of the nanoparticles.

Preparation of the samples for material characterization

Every effluent was divided into three samples. Two samples for
wet analysis (i.e., sp ICP-MS and DLS). The other samples for dry
analysis (i.e., XRD and SEM). All samples were treated according
to a washing procedure. The samples for wet analysis required
dilution steps specific to each of the applied techniques. The
dry analysis samples required a drying step.

Results
Visual observations of the nanoparticle suspension

Fig. 2 demonstrates the dispersed precipitates just after mixing,
stored in plastic storage tubes. When H,0, was used, some gas
evolution was observed, in the form of bubbles, suggesting the
decomposition of excess H,0O, to oxygen gas and water (see
insets of Fig. 2b and d). Table 1 shows the pH measured after
mixing, which was lower than the expected value of 12. This is
most likely due to the sodium error at 0.5 M NaCl. The pH
difference between the copper case and the iron case was
approximately 1 mM OH™, and thus considered insignificant
for this study, because it is less than 1% of the amount of the
total OH™ added.

The copper samples had a distinct color difference (Fig. 2).
Initially, the Cu®" sample was distinctly blue, but developed into
a dark brown color by the end of the washing process. The Cu"
(with H,0,) sample was dark greenish brown for a very short
instance, but even before the washing step started its color
changed to dark brown. Both the Fe*" and the Fe** (with H,0,)

Fig.2 Color of the precipitates obtained directly after precipitation. (a)
CuCl, without H,0O, (blue/turquoise), (b) CuCl with H,O, (dark green/
brown), (c) FeCls without H,O, (bright orange) and (d) FeCl, with H,O,
(bright orange). Insets for better appreciation of the gas bubbles
formed in the cases with H,O,.
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Table 1 pH resulting after mixing the different solutions (the theo-
retical pH value anticipated for all instances is pH 12)

pH measured after

Solution mixing

CuCl, 11.67 £ 0.02
CuCl + H,0, 11.72 + 0.04
FeCl, 11.49 £ 0.05
FeCl, + H,0, 11.54 + 0.06

sample were bright orange, with little observable change over
time.

Size of the nanoparticles

Single particle ICP-MS and DLS were used to determine the
size of the nanoparticles.” In all cases, spherical shape was
assumed, and thus, the particle spherical equivalent diam-
eter is reported. For rod-shaped particles of similar length
over width ratio, comparison of particles with different sizes
remains valid.*® Fig. 3 demonstrates the particle size distri-
butions calculated from the sp ICP-MS measurements for the
different cases. In the case of copper, the size of the particles
shows a remarkable difference, contradicting our initial
hypothesis of size consistency between AP and Ox-AP for the
same supersaturation value. In the case of iron, the size
difference follows a similar trend, although much less
pronounced. Fig. 4a and b respectively compare the DLS and
sp ICP-MS size measurements. Both measurements clearly
demonstrate that the Ox-AP yields smaller particles than the
traditional AP. In the case of copper, the average size of the
oxidation-induced precipitates is 3 times smaller (i.e., 30 nm
instead of 90 nm) according to sp ICP-MS, and over 2 times
smaller (i.e., 100 nm instead of 250 nm) according to DLS. In
the case of iron the results are less pronounced, yet incon-
sistent with our original hypothesis: the average size of the
oxidation-induced precipitates is 12.5% smaller (i.e., 28 nm
instead of 32 nm) than with the traditional AP-obtained
precipitates according to sp ICP-MS, and 22.5% smaller
(i.e., 117 nm instead of 151 nm) according to DLS. The
difference in the sizes obtained by both techniques, sp ICP-

HCuCl,
HCuCl+H,0,

B FeCly
W FeCl, +H,0,

relative frequency [%]
15
relative frequency [%]

0 -
10 30 50 70 90 110 130 150
equivalent spherical diameter [nm]

10 20 30 40 50 60 70 80
equivalent spherical diameter [nm]

Fig. 3 Particle size measurement distributions from single particle
ICP-MS characterization for the cases of copper (left) and iron (right),
respectively.

This journal is © The Royal Society of Chemistry 2019
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Fig.4 Average diameters of the formed nanoparticles for the cases of
copper and iron derived from distributions of (a) z-average diameter
from DLS measurements and (b) average equivalent spherical diameter
from single-particle ICP-MS measurements. Error-bars indicate the
standard deviation of the 3 measured average particle sizes (i.e., not
from the particle distributions).

MS and DLS, can mainly be attributed to two factors. Firstly,
there exists a chance that agglomerates remain in our
washed, but unstabilized, sample, resulting in increased
apparent particle diameters.””*® Secondly, because of
anisotropy, the particles size (z-average) of DLS measure-
ments can be strongly distorted.'® Table 2 shows the poly-
dispersity index (PDI) for both single-particle ICP-MS and
DLS, respectively. A lower PDI value corresponds to a more
narrow distribution. Either technique demonstrates a more
narrow distribution for Ox-AP than for traditional AP and this
for both the copper case and the iron case.

Composition of the nanoparticles

The XRD-patterns for the copper and iron cases are shown in
Fig. 5a and b, respectively. CuO is the main phase for the copper
case. The CuCl, case shows two additional peaks, indicating an
additional Cu,(OH);Cl phase. This indicates that at least part of
the precipitated phase is the Cu,(OH);Cl instead of the Cu(OH),
and besides the reactions described in eqn (1), following overall
reactions are likely:

2Cu** + 30H™ + CI~ — Cun(OH),Cl (9)

Cuy(OH);Cl + OH™ — 2CuO + 2H,0 + CI” (10)

The mechanism in eqn (10) would be similar to the conversion
mechanism of Cu(OH), to CuO at higher pH."** Both iron cases
show highly amorphous XRD patterns of 2-line ferrihydrite (hydrous

Table 2 Polydispersity index values from single-particle ICP-MS and
DLS measurements of the FeOOH and CuO precipitates formed by
Ox-AP and AP

CuCl + FeCl, +
CuCl, H,0, FeCl; H,0,
sp ICP-MS 0.32 0.08 0.12 0.07
DLS 0.38 0.28 0.23 0.20

This journal is © The Royal Society of Chemistry 2019
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Fig. 5 XRD-patterns for the precipitates obtained by traditional alka-
line precipitation (bottom) and oxidation-induced alkaline precipita-
tion (top) for the cases of copper (a) and iron (b). In (b) the grey line is
the original background-subtracted measurement, the black line is the
moving average, for better appreciation. The symbols B, (1 and @ are
corresponding to the diffraction peaks of Cu,(OH)sCl, CuO and
FeOOH, respectively.

FeOOH), although only the main (110) peak (one of two peaks in 2-
line ferrihydrite) is visible.*** It is known that, with time ferrihydrite
can convert into more crystalline products such as goethite and
hematite.”

Morphology of the nanoparticles

Fig. 6 shows the SEM images for the different precipitates. For the
copper case, separate particles are easily distinguished for AP and
Ox-AP. Ellipsoidal needle-shaped NPs are observable in either case,
but the Ox-AP NPs are clearly smaller than the AP NPs. For the AP
case, the existence of a second, less abundant, phase (ie., Cuy(-
OH);(Cl) is also clear. For the iron case, even at higher magnification
than for the copper case, separate particles are hardly distinguish-
able for AP and Ox-AP (Fig. 6¢ and d). The nanoparticles form large
aggregates of smaller nanoparticles. With digital magnification, it
was possible to identify a few separate nanoparticles (Fig. 1 ESI}).

.

Fig. 6 SEM images of the dried precipitates. CuCl, without H,O (a)
and CuCl with H,O, (b) and FeClz without H,O, (c) and FeCl, with
H20; (d).
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However, these do not provide conclusive evidence on the size
differences between AP and Ox-AP for the iron case.

Discussion

The observations can be summarized as follows: (1) the exper-
iments with iron result in smaller nanoparticles with more
narrow size distributions than the experiments with copper,
both for Ox-AP and AP; (2) Ox-AP results in smaller nano-
particles with more narrow size distributions than AP, both for
the copper and the iron cases; (3) the effect of Ox-AP is much
more pronounced in the case of copper than in the case of iron.

The observations can be discussed in the light of the particle
formation process. As discussed above, the particle formation
process via hydrolysis proceeds in four steps: (1) formation of
zero-charge precursors, (2) creation of nuclei via the olation
and/or oxolation of zero-charge precursors, (3) growth of the
nuclei vig addition of matter via olation and/or oxolation and (4)
aging of the primary particles via Ostwald ripening and/or
aggregation.® Step (1) depends on the solubility of the species
and the concentration of the reagents and the available ligands
(i.e., especially on the pH). Moreover, it is also limited by the
lability of the water ligand in the first coordination shell of the
metal ion. Step (2) depends on the concentration of the zero-
charge species and the water lability as well, because the
lability codictates the rates at which olation and oxolation can
occur. Step (3) and step (4) are still intensively debated in
current literature and strongly depend on step (1) and step (2),
and any of the other process parameters.*

In the AP process, OH™ ions compete with H,O and Cl™ ions
to enter the first hydration sphere of the metal aquo complex.
The strong nucleophilic character of OH ™ allows it to form more
stable complexes with the metal ion, and at the right OH™
concentration the most stable form is a sparingly soluble zero-
charge monomer. This monomer can form polymers via olation
and oxolation until a critical size is reached and they are stable
in solution. The critical size strongly depends on the inherent
chemical nature of the monomer (ie., the metal ion, the
ligands, etc.), the olation and oxolation kinetics to which it is
subjected, and also on the level of supersaturation (i.e., the
concentration of the precursor ions).

Supersaturation S is much higher for the iron case than for
the copper case (Table 3, more detailed calculations are given in
the ESIt), and in accordance to CNT, the NPs in the iron case
should be smaller than in the copper case.

Since the end pH, background electrolyte concentration,
metal ion concentration and process operating conditions were

Table 3 Solubility products and supersaturation values for the
hydroxides of copper and iron acting as precursor for FeOOH and CuO

Precursor Kyp S for end-pH 12
Cu(OH), 2.20 x 1072° [mol® L*P* 9.1 x 10"
Cu,(OH);Cl 2.34 x 10*° [mol® L™ 5.2 x 10**
Fe(OH); 2.79 x 10~°° [mol* L™** 2.8 x 10

29906 | RSC Adv., 2019, 9, 29902-29908
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the same for the copper and iron cases, the inherent differences
between aqueous behaviour of Cu>* and Fe*" (ie., the case-
specific values of J,.x and A from eqn (7)) likely cause the
observed size difference between the CuO and hydrous FeOOH
nanoparticles. The values of J,,x and A depend on the chemical
nature of the monomers and the olation and oxolation kinetics
of those monomers. This is inherently different for copper and
iron. Discussion of these differences would lead us to far afield.

More interesting is to compare the Ox-AP cases of copper and
iron with the AP cases of copper and iron, respectively. Our
original hypothesis was that, for the same supersaturation
values, AP and Ox-AP would yield nanoparticles with the same
characteristics (i.e., composition, size, morphology, etc.).
Imagine infinitely fast oxidation of the metal ions in the Ox-AP
case. This would cause complete oxidation prior to any other
reaction (ie., any of the four steps in the particle formation
process), OH  would be formed according to following
equations:

2Cu* + H,0, + 20H™ —

2Cut + 20Hc,2~ + 20H™ — 2CuO + 2H,0 (11)
2Fe’ + H,0, +40H ™ —
2Fe’* + 20Hpe+~ + 40H™ — 2FeOOH +2H,0  (12)

where the Cu®" and Fe®*" subscripts stress the fact that these
OH ions are formed by the redox reaction of the metal ion with
H,0,. The metal ion concentration and the amount of OH™
would be the same for AP and Ox-AP. Therefore, the overall
supersaturation would be the same and CNT would thus predict
the same precipitates with the same sizes. Interestingly, our
experimental results contradict this: compared to AP, Ox-AP
results in smaller nanoparticles with a more narrow size
distribution. This refutes the hypothesis. Therefore H,0, likely
interferes on the mechanisms of steps (1) to (4), rather than
cause complete oxidation prior to those steps. The question
remains, where does H,O, interfere in the particle formation
process?

Because Ox-AP results in smaller particles with more narrow
size-distributions, it is unlikely that in our process H,0, would
interfere significantly in the ageing process (ie., step (4)),
because although ageing tends to narrow the distribution size,
it generally increases the average particle size. This is not in
agreement with our observations. Therefore, prior to ageing, the
particles should already have a smaller sizes and more narrow
distributions.

The later stages of growth and ageing are often suppressed
using large molecules that block the surface to avoid coales-
cence or by using certain ligands that suppress the redis-
solution of smaller particles in favour of the larger particles (i.e.,
Ostwald ripening). It is also unlikely that hydrogen peroxide
would interfere in these stages, especially because most of the
hydrogen peroxide reacts away in an oxidation reaction with the
metal, and the excess quickly decomposes (i.e., bubbles are
visible in the final solution). Therefore the interference of H,0,
is most likely occurring during step (1) and/or step (2) of the
precipitation process. The olation and oxolation reactions in

This journal is © The Royal Society of Chemistry 2019


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra03086g

Open Access Article. Published on 20 September 2019. Downloaded on 4/30/2026 11:13:20 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

step (2) depend strongly on the characteristics of the zero-
charge monomers formed in step 1. Therefore, we argue that
H,O0, takes an important role in the formation of the monomers
and the subsequent olation and/or oxolation reactions.

In Ox-AP, both OH™ and HO, ™ (i.e., the deprotonated form of
H,0, at high pH values®®) act as strong nucleophiles (i.e., HO, ™~
even more so than OH™ *’) and compete with water and Cl™ to
enter the first hydration sphere of the metal ion. There are many
possible reaction pathways for HO, ™ (i.e., H,O,) with the metal
ion, known in scientific literature as Fenton(-like) reactions.?*?*
The exact pathways are still subject of much research and
heavily system dependent. Here, we propose, both for copper
and iron, only one of the possible pathways. For clarity, we do
not take into account the many possible side-reactions and
intermediaries.

Without hydrogen peroxide, the expected zero-charge
monomer of Cu’ is CuOH at elevated pH, with a subsequent
oxolation reaction to Cu,O:

2Cu* + 20H™ — 2CuOH — Cu,0 + H,O (13)

With hydrogen peroxide, the CuOOH is another possible
monomer:

Cu" + HO,~ —» CuOOH (14)

Subsequently, the oxidative nature of the HO,  ligand could
result in a Fenton reaction:*

CuOOH — CuO + OH" (15)
The proposed reactions require little ligand exchanges and
result directly in the CuO monomer, rather than the Cu(OH),
monomer or the Cu,(OH);Cl dimer. The OH'" radical is a non-
selective oxidant which can oxidise neighbouring species, for
example the Cu’ ion or the CUOH monomer, at high rates:*

Cu" + OH" —» CuO + H" (16)

CuOH + OH" — CuO + H,0 (17)

In any of the proposed reactions, the CuO is the end product.
This might explain why, the conversion to the brown CuO
precipitate is much faster for Ox-AP than for AP. The rapid
formation of the stable CuO monomer, is a likely explanation of
the smaller nanoparticles. The rapid depletion of monomers
during the nucleation phase would then explain the more
narrow size distribution. The lack of available monomers also
slows down the subsequent growth. Although no evidence is
currently available, we hope that the exact mechanism can be
determined experimentally in the near future.

In the case of iron, the effect of Ox-AP is less obvious. A
possible reason follows from our proposed reaction mecha-
nism. Without hydrogen peroxide, the expected zero-charge
monomer is Fe(H,0);(OH);. The complexed water results
from the fact that Fe®* and Fe® easily form hexaaqua
complexes.** The Fe(H,0);(OH); monomer, subsequently
transforms into FeOOH(H,0), and with time (i.e., with ageing)
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crystallizes into FeOOH, with different possible crystal struc-
tures depending on the solution and process characteristics.
Ageing was not allowed in our experiments, which limited
crystallization. With hydrogen peroxide, we can draft a reaction
similar to eqn (14), taking into account that Fe>" easily forms
the hexaaqua complex:

[Fe(H,0)s]** + HO,~ — [Fe(H,0)sOO0H]* + H,O  (18)

[Fe(H,0)sOOH]" — [Fe(H,0)4(OH),]" + OH" + H,O  (19)

Unlike with copper, with iron the reaction does not directly
result in a zero-charge monomer. Moreover, the product itself
(i.e., [Fe(H,0)4(OH),]") is an intermediary for ferrihydrite
precipitation in AP.*>** The ferrihydrite results from a second
step with OH™:

(FELOMOMLIT + O = F(OHLLON +ILO (20

Remark that the sequence of these reactions is not fixed. The
hydrolysis reaction with OH™ might also occur first in the
sequence, after which HO,  reacts with the [Fe(H,0)sOH]"
complex to form the zero-charge [Fe(H,0),(OH)OOH] mono-
mer. This monomer would then further oxidise to form the
Fe(OH);(H,0); monomer.

In the above reaction mechanisms, the reason might be
found for the lesser effect of Ox-AP in the case of iron. The
reaction with HO,™ does not immediately give rise to a zero-
charge monomer, requiring an extra step. Additionally, the
resulting monomer is the same as the one expected for AP of
iron, rather than directly resulting in a more stable form, as
with copper. This is in line with the visibly observed alikeness of
the precipitates (i.e., no transformation is obvious like with
copper). One possible reason that an effect is still observable,
could be that with Fe**, the zero-charge monomer forms with
only two ligand substitutions rather than three in the AP case of
Fe’". Additionally, the water exchange kinetics of Fe>" are much
faster than those of Fe*" (4 orders of magnitude®®), which might
cause faster nucleation rates and the related observed, but
small, effects.

Conclusion

We demonstrated that Ox-AP yields smaller nanoparticles with
a more narrow size distribution than traditional AP for iron- and
copper-chloride solutions in conditions of high supersatura-
tion. For CuO, the differences between traditional AP and Ox-AP
are very clear. For FeOOH, the differences are observable to
a lesser extent. The proposed mechanisms of Ox-AP are the
improved condensation kinetics and the faster formation of
a stable zero-charge CuO monomer. For iron, we believe that the
condensation kinetics improve less than for copper. We
propose that the lack of a more stable monomer, in contrast to
the copper case, causes this lesser effect. Although Ox-AP of iron
lacks the more stable monomer, two other factors were
proposed as possible causes for the observed effects. The first
factor is the lower amount of necessary ligand exchanges to
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form a zero-charge monomer for Fe** compared to Fe**. The
second factor is the higher water exchange kinetics for Fe>" than
for Fe*'. Both factors possibly result in higher condensation
kinetics for Ox-AP. In light of our observations, other systems
can be prospected for the production of small nanoparticles
with a narrow size distribution. Herein, a sufficiently stable
precursor metal ion that can be oxidised is detrimental. Our
theory is insightful for further investigations of other systems,
but we hope that the exact mechanism can be confirmed
experimentally in the near future to allow for better synthesis-
by-design.
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