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hts into the anisotropic growth of
ZnO nanoparticles deciphered through 2D size
plots and multivariate analysis†

Zhihua Zhao,ab Yinping Wang,ab Céline Delmas,c Christophe Mingotaud,b

Jean-Daniel Marty *b and Myrtil L. Kahn *a

The control and understanding of the nucleation and growth of nano-objects are key points for improving

and/or considering the new applications of a given material at the nanoscale. Mastering the morphology is

essential as the final properties are drastically affected by the size, shape, and surface structure. Yet,

a number of challenges remain, including evidencing and understanding the relationship between the

experimental parameters of the synthesis and the shape of the nanoparticles. Here we analyzed jointly

and in detail the formation of anisotropic ZnO nanoparticles under different experimental conditions by

using two different analytical tools enabling the analysis of TEM images: 2D size plots and multivariate

statistical analysis. Well-defined crystalline ZnO nanorods were obtained through the hydrolysis of

a dicyclohexyl zinc precursor in the presence of a primary fatty amine. Such statistical tools allow one to

fully understand the effect of experimental parameters such as the hydrolysis rate, the mixing time

before hydrolysis, the length of the ligand aliphatic chain, and the amount of water. All these analyses

suggest a growth process by oriented attachment. Taking advantage of this mechanism, the size and

aspect ratio of the ZnO nanorods can be easily tuned. These findings shed light on the relative

importance of experimental parameters that govern the growth of nano-objects. This general

methodological approach can be easily extended to any type of nanoparticle.
Introduction

Mechanisms underlying the synthetical pathways or properties
of nanomaterials are of particular interest. Many chemical
procedures have been developed to control the nanoparticles'
(NPs) size, polydispersity, shape, surface, volume, chemical
composition, etc.1–3 Metallic,4,5 II–VI or III–V semiconducting
nanoparticles (NPs)6–11 are nowadays synthesized with a simple
isotropic shape or a more elaborate core–shell structure.12

Cubes,13 stars,14 bipyramidal architectures,15 rods,16 nano-
wires,17 etc., are also largely described. In general, the variation
of the size and shape is dependent on the experimental chem-
ical conditions and the proposed mechanisms.18–21 Yet,
a number of challenges remain, including evidencing and
understanding the relationship between the experimental
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parameters of the synthesis and the shape of the NPs, with the
latter driving the NP's properties.

The inherent complexity of such systems22 requires to have
access to efficient analytical techniques to study them and to
understand the correlation (if any) between the different
involved parameters.23 Such a Holy Grail could be achieved with
multivariate analysis or machine learning but one of the
constraints is the lack of data, which is particularly problematic:
the data set can be either dense (i.e. it covers a small fraction of
the conguration space) or sparse (i.e. it covers a large fraction
of the conguration space but with many of the data missing).

The aim of this article is to demonstrate how simple
analytical tools based on statistical analysis can help us to
decipher the anisotropic growth of NPs and to better under-
stand and control the parameters governing this anisotropic
growth. ZnO NPs were taken as a rst model system and were
prepared by taking advantage of the exothermic hydrolysis of
a dicyclohexyl zinc precursor [ZnCy2]. In one step and under
mild conditions (i.e. room temperature and atmospheric pres-
sure), well-dened crystalline ZnO NPs can then be synthe-
tized.24 In this process, the control of the morphology (i.e. either
isotropic NPs or nanorods) is achieved by varying the experi-
mental conditions: isotropic NPs are obtained in the presence
of alkyl chain amine ligands in an organic solvent, while
nanorods are obtained under the same experimental conditions
© 2021 The Author(s). Published by the Royal Society of Chemistry
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but in the absence of solvent.25 Up to now, experimental results
have suggested the critical role of different parameters like the
composition of the reaction mixture, the amount of water, the
kinetic parameters of the reaction, and the temperature.

To gain information on the parameters of importance for the
growth of such nanorods and to better understand the growth
processes, we studied the kinetics of the formation of aniso-
tropic ZnO NPs under different conditions by using two
different analytical tools enabling the analysis of TEM images:
2D size plots and multivariate statistical analysis. The rst one,
2D size plot, enables the extraction of information on the
correlation between the widths and lengths of anisotropic
objects.26 For this, each particle is characterized by two sizes,
denoted as D1 and D2, measured on perpendicular axes. These
two sizes generally correspond to the length and width of the
nano-objects. For each particle and on the same graph, we plot
D1 as a function of D2 and also D2 as a function of D1. The
proposed 2D plots enable the qualitative visualization of such
a correlation. Nevertheless, the quantitative analysis of these
data might be hampered by the presence of different sub-
populations that could necessitate tedious procedures to sepa-
rate them, especially when these populations overlap each
other. In order to identify them numerically and to obtain their
own statistical parameters like the average length and width,
corresponding standard deviations, and correlation between
the length and width, a complementary multivariate analysis
needs to be performed.26 When a limited number of NPs can be
counted, such an approach can also lead to improved accuracy
in the statistical analysis by helping to discard minor sub-
Fig. 1 Preparation process (top). TEM images and associated 2D size plot
correlation (green) obtained from the multivariate analysis (with a single
average size versus the hydrolysis time (from 1 to 240 hours, top right)
analysis of modified Rmixmod software (using two Gaussians one being

© 2021 The Author(s). Published by the Royal Society of Chemistry
populations that are not representative of the samples. Here,
we study the effect of the hydrolysis rate, the mixing time before
hydrolysis, the length of the ligand aliphatic chain, and the
amount of water on the anisotropic growth of ZnONPs. All these
experiments suggest growth by oriented attachment.
Results and discussion

In a typical experiment, the dicyclohexyl zinc precursor [ZnCy2]
is mixed at room temperature with two equivalents of alkyl-
amine RNH2 (dodecylamine, DDA, R ¼ C12H25) as the ligand
(Fig. 1). No solvent was used. Aer 10 minutes, water is intro-
duced by opening the vial. The atmospheric water vapor will
induce a hydrolysis reaction leading to the formation of ZnO
NPs (see details in the Experimental part below). 2D size plots
were constructed from TEM pictures and the measurements
were analyzed thanks to multivariate analysis (see details in
ESI† Section A). This analysis gives information about the
average characteristics of the sub-populations (number, orien-
tation, average length and width, corresponding standard
deviation and correlation). The number of sub-populations that
composed the point clouds was chosen numerically thanks to
the Bayesian Information Criterion (BIC criterion, see the ESI†
for more details). In this study, its optimal value is found to be
equal to one or two.

2D size plots were used to analyze the effect of various
experimental parameters on the growth and nal morphology
of ZnO. The following paragraphs will successively describe the
effect of the time of hydrolysis, themixing time of the mixture of
s (bottom left). Mean length (red), mean width (blue) and corresponding
Gaussian) of TEM data corresponding to the evolution of the ZnO NP
and percent of isotropic and anisotropic ZnO NPs obtained from the
isotropic, bottom right).

Nanoscale Adv., 2021, 3, 6696–6703 | 6697
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reagents before hydrolysis, the amount of water, the speeding
rate of water addition, and the length of the ligand aliphatic
chain on the ZnO NP morphology. It has to be mentioned that
the temperature of the reaction medium is also of crucial
importance. Anisotropic NPs were only obtained when the
temperature was kept below a critical value of 60 �C to maintain
the local organization of the fatty amines surrounding the
growing ZnO NPs.27 All the studies were therefore made at room
temperature.
Effect of the time of hydrolysis

Advantageously, 2D size plots are of special interest to describe
the modications of NPs versus time during the growth or aging
process. In a rst series of experiments, TEM grids were
prepared from the same synthesis followed over time. The width
and length of these NPs extracted from the TEM pictures allow
one to draw the 2D size plots as a function of time (Fig. 1 and S1
in the ESI†). The point clouds obtained at 1 and 2 h are centered
on the median. This corresponds to the presence of isotropic
NPs. The growth of ZnO NPs clearly starts with a nucleation
step, in which pristine isotropic NPs are formed. The results of
the multivariate analysis considering one cluster are depicted in
Fig. 1 (see also Table S1 in the ESI†).

Up to 4 h, the average size of the quasi-isotropic NPs slightly
increases from 3.2 � 1.6 to 3.5 � 2.5 nm. During the rst hours,
these pristine NPs mature and their mean size increases. At 8 h,
the 2D size plot shows that the point cloud starts to extend,
suggesting that the anisotropic growth of the nanoparticles has
begun. The correlation parameter (between the length and
width) r up to ca. 0.80 is observed (Fig. 1 and Table S1†). In the
subsequent hours, the point cloud extendsmore andmore up to
35 nm, while remaining quasi-parallel to the 2D size plot axis at
ca. 5–6 nm: the rods become longer but their widths are
somewhat maintained. r decreases and a lower correlation
between the length and the width is observed for these aniso-
tropic NPs.

These results suggest that growth occurs mainly along the
long axis of the NPs. A growth mechanism by oriented attach-
ment could be suggested here.26,28 This hypothesis has been
tested by considering two populations of NPs. Indeed, aer four
hours the point clouds are best tted with two sub-populations:
the rst, N1, corresponds to the pristine isotropic ZnO NPs and
the second, N2, corresponds to the growing nanorods. The
results of the multivariate analysis considering these two clus-
ters are listed in Table S2 (see the ESI†). Fig. 1 shows the percent
of isotropic and anisotropic NPs over the time of hydrolysis.
Clearly, isotropic NPs decrease very quickly in favor of aniso-
tropic ones. This indicates that aer the nucleation step, the
number of isotropic NPs decreases rapidly. Less than 10% of
isotropic NPs are indeed observed aer 24 h. This result
evidences that no nucleation occurs during the period of
anisotropic growth. The nucleation and growth steps are
uncorrelated and occurred sequentially in agreement with an
oriented attachment process. In addition, aer 24 h, the overall
length of the nanorods is still increasing (Fig. 1), which
strengthened the growth by oriented attachment. The isotropic
6698 | Nanoscale Adv., 2021, 3, 6696–6703
NPs are consumed to the benet of the length of the rods that
increases concomitantly.29

Furthermore, C. Ribeiro et al. suggest that the growth of
nanorods through an oriented attachment mechanism can be
described as a “polymerization” reaction.30 In that case and
following various simplications, the number of NPs, xmax,
which have undergone a coalescence process leading to
a nanorod should follow the equation:

xmax ¼ � 1

a$ln

 
8$

ffiffiffi
2

p
$k0$½S�0$t

1þ 8$
ffiffiffi
2

p
$k0$½S�0$t

!

where t is the time of reaction, a is a constant parameter
between 0 and 1, k0 a kinetic constant and [S]0 the initial
concentration of active surfaces on the isotropic NPs (i.e. before
coalescence). If one supposes that the length of the nanorod, L,
is equal to:

L ¼ xmaxW

where W is the width (i.e. the radius) of the isotropic particles,
we can t the variation of the mean length of the NPs versus
time in Fig. 1 (see Fig. S2†). The value of the a parameter is then
found to be 0.06 and k0$[S]0 is estimated to be around 2 � 10�4

s�1. This length versus time variation as well as the very weak
growth of the nanorod diameters are therefore strong indica-
tions of an oriented attachment mechanism leading to the ZnO
nanorods.

Quantitative information can be extracted from the data
depicted in Fig. 1. In particular, the average growth rates along
the two axes can be obtained by calculating the derivative at
each point of the curves (Fig. S3†). An estimation based on the
tting of the experimental results using an exponential equa-
tion gives the initial growth rates – within the accuracy of the
measurement – in the range of 0.9 nm h�1 for the length and
one order of magnitude less (0.09 nm h�1) for the width. The
growth in the width is therefore already very slow aer one hour,
while it continues to decrease signicantly aer 150 h for the
length. It is however important to keep in mind that the
instantaneous growth rate should be much higher in the early
stages of the reaction as NPs of 3.2 � 1.6 � 2.1 � 1.1 nm are
already observed aer 1 h. This apparent anisotropic shape
corresponds in fact to the isotropic growth of the nanocrystals.
Indeed, considering the intrinsic structural parameters of ZnO
(c ¼ 0.521 and a ¼ b ¼ 0.325 nm), aer one hour, the nano-
crystals are composed of 6 unit cells that have isotropically
grown.

While the initial nucleation reaction is fast (aer 1 minute
solutions became luminescent, which demonstrates the
formation of ZnO NPs), the growth mechanism seems to be
stopped only aer 5 days. This halt in the growth is certainly due
to the partial carbonation of alkylamines to ammonium
carbamates which, as we have recently shown,29 leads to
a complete modication of the organic stabilizing agents on the
surface of the NPs. When NPs are only stabilized by alkyl-
amines, and the latter are localized only along the lateral faces
leaving the basal faces accessible for growth by oriented
© 2021 The Author(s). Published by the Royal Society of Chemistry
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attachment,31–33 whereas in the presence of ammonium carba-
mates, they are located both on the lateral and the basal faces
with a very strong affinity preventing the growth from
continuing.29
Effect of the aging time of the reagent mixture before
hydrolysis

Another parameter that has to be considered is the waiting time
aer mixing amine and zinc precursor reagents, before starting
the hydrolysis step. Indeed, the viscosity of the solution
increases slowly and, aer 6 hours, the mixture behaves as
a glass state gel.34 This waiting time was then varied from
10 min up to 24 h and the nal shape of the obtained NPs was
observed systematically 3 days aer starting the hydrolysis
process (Fig. 2, S4 and S5 in the ESI†). The 2D size plots up to
a waiting time of 4 h are very similar to each other: they show an
extended point cloud almost parallel to the graph axis, corre-
sponding to a mean width diameter of ca. 4 � 2 nm and a mean
length of ca. 10� 8 nm up to 20 nm (Table S3†). As expected, the
observed morphology is similar to that obtained at the nal
stage (three days) in the part depicting the effect of the hydro-
lysis time. When the mixing time reaches 5 h, anisotropic
growth is almost totally prevented: the average length and width
of these particles over time remain roughly constant with
a mean width of ca. 2.1 � 1.2 nm and a mean length of ca. 3.4 �
2.5 nm. As previously observed, the calculated correlation
values are signicantly lower for populations with high
Fig. 2 TEM images and associated 2D size plots (left). Mean length (red), m
the multivariate analysis (with a single Gaussian) of TEM data correspondi
the reagent mixture before hydrolysis (from 1 h to 24 hours, top right)
obtained from the analysis of modified Rmixmod software (using two G

© 2021 The Author(s). Published by the Royal Society of Chemistry
anisotropy (aging time < 6 h); this could be related to the fact
that the growth of the particles should occur essentially on their
extremities in an oriented attachment mechanism.

Again, the resulting point clouds were analyzed considering
possible population mixing. The multivariate analysis leads to
an optimal adjustment of the data set by considering, as before,
two populations of particles: one isotropic and the second
anisotropic, comprising N1 and N2 nanoparticles respectively,
which are similar to that obtained aer three days in the
previous synthesis (Fig. S1†). They show an extended point
cloud almost parallel to the graph axis, corresponding to
a mean diameter of ca. 4 nm and a length of up to 20 nm of the
nanorods. The multivariate analysis of these graphs was con-
ducted as described previously. Results considering one cluster
are listed in Table S3† and the percent of N1 and N2 is shown in
Fig. 2 (see also Table S4†). In this case, up to a mixing time of 4
hours, the values of N1 and N2 remain constant with a mean
value of more than 95% for N2 (i.e. anisotropic NPs) and less
than 5% for N1 (i.e. isotropic NPs). Then, the percentages are
abruptly reversed for a waiting time of 5 h. This reects an
abrupt transition from anisotropic NPs to isotropic ones. When
the mixing time reaches 5 h, anisotropic growth is totally pre-
vented. These results should be compared with rheological
measurements of the reactionmedium over time, whichmake it
possible to measure the variation of the viscosity of the medium
(Fig. S6†). Between 0 and 5 h, the values of G0 and G00 increase
slowly and reach respectively 0.5 and 0.1 Pa, which indicates
ean width (blue) and corresponding correlation (green) obtained from
ng to the evolution of the ZnO NP average size versus the aging time of
and percent of isotropic ZnO NPs (N1) and anisotropic ZnO NPs (N2)
aussians one being isotropic, bottom right).

Nanoscale Adv., 2021, 3, 6696–6703 | 6699
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a liquid medium whose viscosity increases progressively. At 5 h,
G0 and G00 increase abruptly, and G0 becomes higher than G00,
and the medium becomes very viscous and reaches a semi-
glassy state within a few minutes.34 Clearly, a correlation
between the viscosity of the medium and NP shape exists. The
multivariate analysis of the data quantitatively corroborates the
abrupt transition from anisotropic to isotropic NPs with an
average diameter almost constant and equal to 4 nm from 10
minutes to 5 hours which decreases to 2 nm aer 5 hours and
a length (for which the uncertainties are large) of ca. 10 nm
which reaches 2 nm aer 5 h.

As suggest by C. Ribeiro et al., the kinetics related to an
oriented attachment mechanism should consider the viscosity
of the medium, h.35 The diffusion coefficient of the NPs
controlling the collision process leading to contact and coales-
cence will decrease as 1/h with the viscosity as well as the kinetic
constant associated with such a process. A longer waiting time
(longer than 4–5 hours) leads to a very high viscosity, which
should limit the diffusion speed and growth process of the NPs.
This explains why shorter NPs are observed for such a long
waiting time.
Effect of the speeding rate of water addition and the amount
of water

The effects of the hydrolysis time and mixing time illustrate the
importance of the kinetic parameters of the reaction. The
Fig. 3 TEM images and the corresponding 2D size plots (left). Influence
the diameter and length of the tubes respectively) on themorphology of t
(with a single Gaussian). The red, blue and green lines depict the mean wi
are just guides for the eye (top right). Percent of isotropic ZnO NPs (N
Rmixmod software (using two Gaussians one being isotropic, bottom rig

6700 | Nanoscale Adv., 2021, 3, 6696–6703
question then arises of the speed of arrival of water in the
medium to lead by the hydrolysis of [ZnCy2] the formation of
ZnO NPs. To study this effect, the speeding rate of water addi-
tion is varied from 10�7 down to 10�9 mol s�1 (see details in
ESI† Section D) and the water amount from 2 to 100 equiv.
relative to the Zn precursor. To avoid at maximum the observed
gelation process, hydrolysis was initiated, in all the subsequent
experiments, 10 minutes aer the mixing process. Practically,
the water feeding rate reaching the reactant mixture was
controlled by using PTFE tubes of different lengths and diam-
eters as depicted schematically in Scheme S1.†

As shown in Fig. 3 (as well as Fig. S7 and S8 and Tables S5–
S8†), anisotropic NPs with a mean length of 16.5 � 11.6 nm
could be prepared if the vial without a stopper was used.
Interestingly, the length of the NPs decreased if, for a given
diameter equal to 2 mm, longer tubes were used (i.e. lowering
the feeding rate). For the longest 20 cm tube, quasi-isotropic 1.7
� 1.1 nm ZnO NPs were thus obtained with, as expected for
isotropic ZnO NPs, higher correlation values. Decreasing the
feeding rate of water favored the gelation process to occur and
prevented the formation of anisotropic NPs. As expected, the
same tendency is observed when the diameter of the PTFE tube
was increased from 2 mm to 4 mm. This increase in the
diameter results in an increase of the water ow rate by a factor
of 4 and therefore longer NPs were obtained with a larger tube
for a given length. Moreover, as expected from the fact that the
of the water flow rate which is proportional to F2/L (where F and L are
he obtained NPs, and the results are obtained frommultivariate analysis
dth, mean length and corresponding correlation respectively. The lines
1) and anisotropic ZnO NPs (N2) from from the analysis of modified
ht).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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water ow should be inversely proportional to the tube length
(see the ESI†), anisotropic NPs with a similar size were obtained
when comparing tubes with respective lengths equal to 1 and
4 cm and diameters equal to 2 and 4 mm, respectively. Thus, as
illustrated in Fig. 3, the size was found to be proportional to F2/
L (where F and L are the diameter and length of the tubes,
respectively), which is directly related to the water feeding rate
(see details in ESI† Section D). In conclusion, increasing the
amount of water reaching per unit of time the reaction medium
(by using larger and/or longer tubes) enables the growth process
to occur more rapidly than the gelation process and promotes
the formation of anisotropic nanoparticles.

Apart from the kinetics of water feeding, the amount of water
introduced into the vessel has been varied from 2 equiv. up to
100 equiv. relative to the zinc precursor as depicted in Scheme
S2.† The results are reported Fig. 4 (see also Fig. S9 and Tables
S9 and S10†). Increasing the amount of water leads to a decrease
of the NP aspect ratio. In the case of NPs stabilized with 2 equiv.
DDA and with 2 equiv. of water, the 2D size plots reveal
a distribution of size where the average width and length are
equal to 4.8 � 1.5 nm and 53.8 � 41.2 nm, respectively. As the
amount of water increases, the 2D size plot exhibits a less and
less extended length range, and the point cloud is more and
more focused around the median line which is characteristic of
a decrease of the aspect ratio. Especially for more than 8 equiv.
of water, the width of the NPs increases from 5 nm up to 7 nm.
Interestingly, the number of isotropic NPs increases as the
amount of water increases (Table S10† and Fig. 4). This result
Fig. 4 TEM images and the corresponding 2D size plots. The results obt
and green lines depict the mean width, mean length and corresponding
Fig. S9.†

© 2021 The Author(s). Published by the Royal Society of Chemistry
suggests that a large amount of water favors multi-nucleation.
As the quantity of zinc precursor is the same for all the experi-
ments (0.25 mmol), multi-nucleation competes with growth and
consequently, the aspect ratio decreases. Fig. 4 shows the
evolution of the length, width and correlation as a function of
the water amount. The correlation between the length and
width remains roughly constant irrespective of the amount of
added water. As previously discussed, an oriented attachment
mechanism from isotropic NPs formed during the nucleation
step can easily explain this observation.

Effect of the length of the fatty amine

The structure of the amine can also inuence themorphology of
the particles obtained. In order to measure this impact, an
additional series of experiments were performed with octyl-
amine, OA (C8H17–NH2) instead of DDA with varying amounts of
water. The comparison of the results is shown Fig. 5 (see also
Fig. S10–S12 and Tables S11 and S12†). As observed with DDA,
increasing the nal amount of water favors the formation of
shorter and slightly larger nanorods with a lower aspect ratio. In
addition, for an equivalent quantity of water, while the width of
the nanorods is similar regardless of the ligand (Fig. 5), the
aspect ratio is much higher when DDA is used instead of OA.
The length of the NPs ranges from 5 to 65 and 15 to 100 nm for
OA and DDA, respectively. Another important difference is the
absence of isotropic NPs for 2 and 4 equiv. of water in the
presence of DDA (see Fig. 4 and Table S10†). The effect of the
alkyl chain can be related to the specic organization of the
ained from multivariate analysis (with a single Gaussian). The red, blue
correlation respectively. The lines are just guides for the eye. See also
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Fig. 5 Variation in the length (top) and width (bottom) of ZnO nano-
rods synthesized in the presence of DDA or OA as a function of the
number of water equivalents to the Zn precursor (given average values
and corresponding standard deviation aremeasured on 300 ZnONPs).
Irrespective of the water content, the values for DDA are found
significantly different than those found for OA (p < 0.001).
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reactionmedium before and during the hydrolysis process. This
organization may be either due to the interaction of zinc ions
with primary amine34 and/or due to the formation of well-
organized liquid crystalline phases for the obtained hybrid
materials.27 This organization is prone to modify the rheological
behavior of the reaction medium and might be responsible for
the differences observed between the different amines in the
frame of the oriented attachment mechanism.
Conclusions

In this work, we demonstrate how simple analytical tools based
on statistical analysis can help us to decipher the anisotropic
growth of NPs and to better understand and control the
parameters governing this anisotropic growth. A ne compar-
ison of the synthetic protocol of the role of the hydrolysis rate,
the mixing time before hydrolysis, the length of the ligand
aliphatic chain, and the amount of water allowed us to evidence
the relative importance of those experimental parameters for
the anisotropic growth of ZnO NPs. All the data suggest that the
growth mechanism occurred through an oriented attachment
6702 | Nanoscale Adv., 2021, 3, 6696–6703
process that is eventually hampered by a gelation process
induced by the interaction of the zinc precursor or ZnO NPs
with amine ligands. These ndings shed light on the relative
importance of experimental parameters that govern the growth
of nano-objects and as such are crucial to identify, study, and
control the design progress in nanoscience.
Experimental
Materials and reagents

All starting compounds in this work are sensitive to oxygen and
water and were manipulated in a MBraun glove box with an
argon system. The zinc precursor [Zn(C6H11)2] (noted [ZnCy2])
was purchased from Nanomeps (http://www.nanomeps.fr).
Octylamine (OA) and dodecylamine (DDA) were purchased from
Sigma Aldrich. All compounds were stored at �20 �C in a glove
box and used without any further purications.
Synthesis of ZnO NPs

All the above synthesis was performed under ambient temper-
ature. The experiments were performed repeatedly to ensure the
reproducibility of the experiments. The data provided corre-
spond to the results of one of these experiments. The sample
size is systematically given in the ESI† for each analysis.
Regardless of the experimental conditions, ZnO samples exhibit
the hexagonal zincite phase (space group P63mc) and exhibit
similar UV-Visible absorption spectra.25

The study of the ZnO NP size as a function of hydrolysis time
(Fig. 1 and Section B in ESI†): in a glove box, 57.9 mg of [ZnCy2]
was added into a 4 mL glass vial with 92.7 mg of DDA. Aer
complete mixing (the total time in the glove box is 10 minutes),
the vial was taken out of the glove box and exposed to air. TEM
analysis was then performed at different reaction times from 1 h
up to 240 h.

The inuence of the gelation time on the ZnO NP size (Fig. 2
and Section C in the ESI†): 57.9 mg of [ZnCy2] was mixed in
a 4 mL glass vial with 92.7 mg of DDA. Aer complete mixing,
the mixture was aged in a glove box from 10 min up to 24 h.
Samples were taken out of the glove box at different times and
exposed to air for 3 days.

The study of the ZnO NP size as a function of the length of
tubes (Fig. 3 and Section D in the ESI†): 57.9 mg of [ZnCy2] was
added into a 4mL glass vial with different lengths of PTFE tubes
(from 0 to 20 cm) with 92.7 mg of DDA. Aer complete mixing
(the total time in the glove box is 10 minutes), the vial was taken
out of the glove box and exposed to air for 1 week.

The study of the ZnO NP size as a function of water content
(Scheme S1,† Fig. 4 and Section D in the ESI†): 57.9 mg of
[ZnCy2] was added into a 4 mL glass vial with 92.7 mg of DDA.
Aer complete mixing (the total time in the glove box is 10
minutes), the vial was placed into a homemade reactor that
allowed the slow diffusion of water into the sample. Different
amounts of degassed water were injected in the reactor from 2
up to 100 equiv. Aer 3 days white luminescent powders were
obtained and analyzed by TEM.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Transmission electron microscopy (TEM)

Samples for TEM were prepared by slow evaporation of droplets
of colloidal solution deposited on a carbon-coated 200 mesh
copper TEM grid from Ted Pella Company. TEM experiments
were performed at the microscopy service of University Paul
Sabatier (TEMSCAN) by using a JEOL JEM1011 electron micro-
scope operating at 100 kV with a resolution point of 0.45 nm.
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