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Abstract This work deals with time-resolved accessi-
bility of suitable measurement technique to the
solvothermal non-aqueous sol-gel synthesis of
aluminum-doped zinc oxide (AZO) nanocrystals via
the benzylamine route. Taking into account some limi-
tations, we develop a new concept for using a lab-scale
small-angle X-ray scattering (SAXS) camera to obtain
detailed information about ongoing particle formation
processes during AZO synthesis at the nanoscale range
of 1075 nm. Based on this concept, a new growth
model is derived providing deep insights regarding pro-
cess kinetics and morphological changes of AZO during
growth. For this purpose, a new method is developed for
carrying out and analyzing AZO synthesis in a low
process temperature range («200 ° C) in order to achieve
higher resolution of time-dependent particle formation
processes by slowing down process speed. In detail, we
show that the consumption of the zinc precursor during
synthesis can be recorded by quantitative phase analysis
(QPA) and thus validated with gravimetric analysis
proving a pseudo-first-order process kinetics for the
overall synthesis process. Taking into account the
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kinetics data, further transmission electron microscopy
(TEM) and SAXS analyses are performed to investigate
changes in terms of shape, size, and fractal properties
leading into the development of a generalized growth
model for AZO nanocrystals during synthesis.
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Introduction

The ever-increasing demand for resources based on
expensive rare earth metals requires the availability
of cheap alternatives having similar requirements in
the field of application. A research focus is therefore
the n-type semiconductor aluminum-doped zinc ox-
ide (AZO), which will be seen in the future to
replace the previously versatilely used toxic
indium-based oxides in diverse scopes, e.g., light-
emitting diodes, printing electronics, and transparent
conducting oxide (TCO) thin-films in solar modules,
due to similar properties, such as low electrical
resistance, high degree of transparency in the visible
range, and good mechanical stability. On the one
hand, particular attention is paid to the field of
application in terms of printable electronics, which
represents an important research focus due to the
favorable availability of tailor-made electronic com-
ponents (Ismail et al. 2001; Patil et al. 2011,
Stubhan et al. 2011). On the other hand, in terms
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of the growing demand for renewable energy re-
sources, another research focus is set on transparent
thin-film solar cells based on TCOs (Ellinger and
Nelson 2014; Jiang et al. 2003; Luo et al. 2012;
Minami 2005; Strachowski et al. 2007). These com-
plex applications requires a comprehensive under-
standing of the manufacturing process to ensure the
availability of high-quality AZO nanocrystals with
defined sizes, shapes, and doping levels of alumi-
num to adjust optical, mechanical, and electrical
application properties (Luo et al. 2012;
Strachowski et al. 2007). In contrast to gas-phase
and solid processes (Yoon et al. 2002) or co-
precipitation (Nie et al. 2008), solvent-based lig-
uid-phase syntheses result in better process control
at moderate reaction rates (Cushing et al. 2004;
Livage et al. 1988). Thus, this synthesis route pro-
vides access to measurement technologies in terms
of time-resolved analysis of particle formation and
growth processes, as we show in this work. For
synthesizing highly crystalline metal oxide nano-
structures with narrow particle size distributions at
moderate temperatures, the non-aqueous sol-gel
synthesis is used, wherein an aromatic solvent per-
forms significant functions during the growth pro-
cess, e.g., a defined influencing of the particle mor-
phology or the control of growth kinetics
(Garnweitner et al. 2008; Niederberger 2007; Pinna
and Niederberger 2008; Zellmer et al. 2015). In our
work, a new concept for time-resolved analysis tech-
niques is established, which provides comprehensive
insights into particle formation processes leading to
a general growth model of AZO nanocrystals during
synthesis. The major challenge is to gain time-
resolved access to the synthesis process via the
benzylamine route, which we used in this work, by
means of measurement technology. The work by
Zellmer et al. (2015) has shown time-resolved stud-
ies of crystal growth of AZO nanocrystals via the
benzylamine route preferably at high temperatures
(~200°C), high precursor concentrations
(~50 g L"), and relatively short reaction times
(~30 min). In order to be able to resolve the crystal
growth more precisely, longer reaction rates at lower
process temperatures are desirable. However, in pro-
cess control at low process temperatures («200 ° C),
physical limits are set, because of strongly decreas-
ing solubility of precursors in the solvent
benzylamine and increasing viscosity of the particle
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dispersion. Furthermore, due to increasing solvent
corrosivity with temperature and the strong aggrega-
tion tendency of AZO nanocrystals, an access of a
measurement technique to the synthesis process is
only possible to a very limited extent with conven-
tional measurement methods, such as dynamic light-
scattering or transmission electron microscopy
(TEM). Taking into account these limitations in
nanoparticle analysis mentioned here, a new concept
is developed in this work, firstly, to ensure the
access of analysis methods to the synthesis at lower
process temperature range 7 < 120 ° C by selection
of suitable measurement technology and, secondly,
to perform time-resolved investigations of ongoing
particle growth and consumption processes despite
aggregate formation. Particularly suitable for this
purpose is the non-invasive small-angle X-ray scat-
tering (SAXS) measurement technique, which is pri-
marily used in this work. A lab-scale SAXS camera
is used, on the one hand, performing quantitative
phase analysis (QPA) to enable a time-resolved
quantitative recording of crystalline materials in lig-
uid phases for kinetics studies. On the other hand,
an investigation of morphological changes in parti-
cle properties during growth is shown independent
of agglomerated particle systems, such as crystal
sizes, surface conditions, and agglomeration states
(Gutsche et al. 2014; Gutsche et al. 2017). In detail,
we show that the consumption of the crystalline zinc
precursor can be recorded in a time-resolved fashion
during the liquid-based synthesis by means of QPA
and thus validated with gravimetric analysis proving
a pseudo-first-order process kinetics of the overall
AZO nanocrystal synthesis via the benzylamine
route. Based on the obtained process kinetics, sam-
pling time intervals are discussed in terms of opti-
mal resolving the morphological changes of AZO
during growth and the effort for further investiga-
tions can be reduced. In a further step, a comparison
of the obtained process kinetics with TEM analysis
leads to first conclusions about a generalized growth
behavior of AZO nanocrystals during synthesis re-
garding morphological changes using a comparative
growth factor. Furthermore, a more extensive time-
resolved growth study of ongoing particle formation
processes of AZO nanocrystals is carried out by
simultaneously investigating morphological and
fractal changes using SAXS analysis. Finally, using
TEM, SAXS, and process kinetics data from the
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synthesis conditions obtained in this work, a new
general growth model for AZO nanocrystals during
synthesis via the benzylamine route is postulated
getting an in-depth understanding of ongoing
particle-based formation mechanisms at the
nanoscale.

Material and methods
Synthesis and sample preparation of AZO nanocrystals

For the non-aqueous sol-gel synthesis of AZO
nanocrystals via the benzylamine route, the crystalline
precursors zinc acetylacetonate hydrate (Zn(acac), pow-
der, >99%, Aldrich) and aluminum isopropoxide
(AI(OiPr)3,>98 % , Aldrich) at the initial concentration
Cr =25 g L™ were used, wherein the molar fraction of
aluminum precursor was set to 2.5 mol%. The aromatic
solvent benzylamine (BnNH,, benzylamine for synthe-
sis, >99 % , Merck) served as a reaction medium. To
carry out the synthesis, a closed and ideally stirred steel
reactor with glass inlet (235 mL) was used performing
the process temperature 7z = 110 ° C at a total overpres-
sure of 1 barg. First, the sparingly soluble precursors
were pre-dissolved in the reactor for 15 min at a tem-
perature of 50 ° C by continuous stirring, before the
reaction solution was quickly brought to process tem-
perature with a heating rate of 30 K min . After
reaching process temperature, the recording for reaction
time was started. The sampling with a sample volume of
10 mL each took place at various reaction times by
means of overpressure through a riser. The reaction
process was terminated abruptly by rapid cooling to a
temperature of 25 ° C in a water bath, due to the endo-
thermic synthesis process. In case of sampling before
the end of process, in addition to the reaction
medium BnNH,, the obtained samples contained two
crystalline phases AZO | Zn(acac), | BnNH,, since
complete precipitation of the unreacted zinc precursor
occurred at room temperature.

With the exception of the QPA analysis method,
further sample purification steps after sampling were
necessary for analysis, in which the reaction medium
BnNH, and unreacted zinc precursor from the original
sample AZO | Zn(acac), | BnNH, had to be removed.
On the one hand, the high boiling BnNH, (75 = 185 ° C)
does not allow easy evaporation of the solvent needed to
dry samples for gravimetric and TEM analysis. On the

other hand, the unreacted crystalline precursors overlap
the scattering signal of AZO for g <2 nm ' to be inves-
tigated by means of SAXS analysis. In a first purifica-
tion step, the reaction medium BnNH, was removed
from the two crystalline phases AZO | Zn(acac), by
centrifugation for 15 min with a g-force of 7200 at
20°C (Centrifuge 5430R, Eppendorf). Subsequently,
in a second step, the ethanol-soluble Zn(acac), precursor
crystals were completely separated from the AZO
nanocrystals by washing twice with ethanol excess of
the factor 4 using centrifugation as described before.
After the final washing step, the pure AZO nanocrystals,
which were presented in an ethanol-based suspension,
are well prepared for further SAXS, TEM, and gravi-
metric analyses.

Characterization of AZO nanocrystals
SAXS

For a comprehensive time-resolved characterization of
particle formation processes via the benzylamine route,
a non-invasive X-ray analysis was performed using an
in-house developed SAXS laboratory camera, which
was described in detail elsewhere (Goertz et al. 2012;
Guo et al. 2013a, b; Gutsche et al. 2014). The slit-
shaped X-ray beam, generated from a 1.2-kW X-ray
source, was monochromatized on Cu—K —alpha (A=
0.154 nm) and focused on the detection plane by means
of a Goebel mirror and a collimation system. The sam-
ples were injected as a homogeneous suspension into a
quartz glass capillary with a diameter of 1 mm and wall
thickness <40 um. The X-ray scattering intensity /(g) on
samples was measured as a function of the scattering
vector ¢ with ¢ =4/ - sin(6/2), wheras 6 is the scatter-
ing angle and recorded by a two-dimensional hybrid
photon counting X-ray detector with a pixel size of
0.172 mm (PILATUS 100K-S, DECTRIS) for 180 s. In
order to correct the scattering error of a slit-shaped
beam, the background-corrected scattering data were
desmeared by the direct method as described by Singh
etal. (1993).

Structure analysis For the structural analysis by means
of SAXS, ethanol-based suspensions of purified AZO
nanocrystals, as described in the “Synthesis and sample
preparation of AZO nanocrystals” section, were inves-
tigated. The scattering intensity of a monodisperse par-
ticle system, normalized to the squared classical electron
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radius 72, including N monodisperse particles with the
single volume Vp and the excess electron density Ap, in
the exposed liquid volume V is generally described in
Eq. (1).

1g) = - 2p2V2Plg) () fau] (1)

Here the form factor P(q) describes the intraparticle
scatter fraction, whereas the interparticle scatter fraction
is specified by the structure factor S(g). For the descrip-
tion of particulate interactions for ¢ > 0.1, the influence
of the structure factor with S(g) — 1 can be neglected
(Ashcroft and Lekner 1966).

The experimental determination of the radius of gy-
ration R, from scattering data of an examined particle
system with any geometry is carried out by the Guinier
law in Eq. (2), which is valid for gR, < 1.4 in case of
spherical particles (Glatter and Kratky 1982).

2p2
I(q)=A-exp <—q3ﬁ> [a.u.) (2)

Here, the exponential factor A corresponds to the
forward scattering /(g = 0). In the case of spherical par-
ticles, the geometric sphere diameter ds can be deter-
mined from R, using Eq. (3).

ds = 2-\/§-Rg [ nm)] (3)

From fractal analysis using SAXS, structural proper-
ties of fractal particle systems can be described by
determining fractal dimensions Dj;. Based on scattering
curves, fractal properties can be described using the
power law in Eq. (4).

1(q)~q" (4)

From Eq. (4), the fractal information (e.g. surface or
mass fractals) can be extracted from the power v. In case
of mass fractals, the mass fractal dimension Dy, is
described by Eq. (5) and for surface fractals Eq. (6) is
to be used (Beaucage 1995; Boukari et al. 1997,
Schmidt 1991), whereas the special case of v=4 for
surface fractals leads to the Porod law, describing
smooth surfaces with sharp density transition (Porod
1951).

v =Dy, with1 < Dy, <3 (5)
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v = 6*Dﬁ with 2 < Dﬁ <3 (6)

Quantitative phase analysis The quantitative phase
analysis (QPA) method can generally be used to identify
and quantify crystalline phases independently of mor-
phological states in crystalline particle systems. Using
the SAXS laboratory camera, the X-ray intensity of
phase a in a multiphase mixture /%, at a specific scatter-
ing angle 26, as described in Eq. (7), could be detected
occurring due to diffraction of X-rays with crystalline
materials (Karlak and Burnett 1966).

Iy =10K |Ful® L x—a (7)

P

Iy describes the forward scattering /(g = 0), the constant
K combines all angle-dependent influences, the struc-
ture factor FJ,, takes into account the scattering contri-
bution of the crystal unit cell, the absorbance of the
sample is described by the mean mass absorption coef-
ficient of the multiphase mixture p*, p“ is the solid
density of phase a, and x“ describes the weight fraction
of phase a.

Gravimetry

For the time-resolved kinetic analysis of the AZO nano-
crystal growth during the synthesis, we used gravimetric
analysis. As part of this analysis procedure, two sample
purification steps, as described in the “Synthesis and
sample preparation of AZO nanocrystals” section, were
carried out after the sampling and the cooling process.
Following from this, pure AZO nanocrystals present in
ethanol were completely dried at 7=80°C for 24 h
under ambient pressure in a drying oven (“UN260,”
Memmert). Here, the solid dry matter concentration of
the AZO crystals Cpzo was investigated with an ana-
lytical scale (Secura 224 — 1S, Sartorius) by using Eq.
(8), dependent on sampling volume Vg and dry matter

MAz0-
m _
Cazo = —22 [gL] (8)
Vs
TEM

To characterize size, shape, and crystal structure at se-
lected growth states of AZO nanocrystals during syn-
thesis via benzylamine route, a TEM (CM 12, Philipps)
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was used. For this, the samples were diluted with etha-
nol and air-dried on a TEM grid at 25 ° C. The mean size
distribution of AZO was evaluated by investigating at
least 900 particles using the software Image].

Kinetic model describing AZO nanocrystal synthesis

For a time-resolved description of consumption and
growth processes during the AZO synthesis via the
benzylamine route, the pseudo-first-order kinetics mod-
el was used. Similar first-order kinetics have been re-
ported before for the non-aqueous synthesis of TiO,
nanoparticles (Garnweitner and Grote 2009). For the
purposes of applying this model to the AZO process,
the following assumptions have been made for simplic-
ity: Firstly, due to the low Al precursor concentration
(2.5 mol — %) compared to the zinc precursor, its partic-
ipation in the reaction process was neglected, thus Cggyc
~CZn(acac), applies for the educt concentration. Second-

ly, the formation of undesired by-products was excluded
and the molar ratio of 1 was assumed for Zn(acac), and
AZO with respect to the reaction conversion. Conse-
quently, a complete reaction sequence from the work of
Pinna et al. (2005) is described in Eq. (9), in which the
benzyl group was abbreviated to Bn.

1-AZO

+2-Bn-N = C(CHj), 9)
+2-Bn-NH-C(= O)CHj
+1-H,O

4-Bn—NH, —
+1-Zn(acac),

From the potency approach of the reaction rate, an
expression of the AZO formation rate 7,70, depending
on the unreacted Zn(acac), concentration Czn(acac), (t)
and the rate constant k [s'], was obtained in Eq. (10).

_ dC’Zn(acac)2

dt = kCZn(acac)z (t) (10)

razo(t) =

After separation of variables, integration, and expo-
nentiation, a pseudo-first-order model resulted in Eq.
(11), describing a time-dependent exponential con-
sumption of Czp(acac), (1) as a function of initial zinc
precursor concentration Czn(acac), (0)-

CZn(acac)2 (t) = CZn(acac)2 (O)eikt (1 1)

In case of full conversion, for the final product con-
centration Cazo () = Czn(acac), (0) applies, and with
the expression: Cazo(f) = Czn(acac), (0)~Czn(acac), (£)-

the pseudo-first-order model of restricted exponential
growth of AZO concentration Cazo(?) resulted in Eq.
(12) with equal rate constant.

Cazo(t) = Cazo() (1—e™) (12)

Results and discussions
Kinetics of AZO nanocrystal synthesis using QPA

In this work, the QPA technique for the time-resolved
study of zinc precursor consumption during the AZO
synthesis process was used to gain insights into the
kinetics of particle formation processes. However, it
was challenging to prepare the samples of the AZO
synthesis process for QPA measurement technique.
Here, a new method for sample preparation and analysis
has been developed, despite the high corrosivity of the
solvent benzylamine, allowing a timely analysis of the
particle system after synthesis without major interven-
tions (e.g., solvent exchange). To avoid corrosive dam-
age to the measuring system, the samples had to be
investigated in a corrosion-resistant capillary exclusive-
ly at room temperature for a maximum dwell of 3 min.
Cooling to room temperature provides two important
advantages that could be exploited for the measurement
process by means of QPA. On the one hand, the endo-
thermic reaction process was stopped to prevent an
uncontrolled change of the particle system during the
measuring process. On the other hand, the insolubility of
the zinc precursor at room temperature could be
exploited forcing crystalline precipitation of the
unreacted zinc precursor so that detection by QPA could
be generally enabled. Since a large part of the quantities
from Eq. (7) in the “Characterization of AZO
nanocrystals” section are empirically difficult to access,
a theoretical prediction of mass fractions based on mea-
sured scattering curves is only possible to a limited
extent. Therefore, in our specific case, a calibration of
our SAXS laboratory camera was necessary describing
the linear relationship between 77, and x* from Eq. (7)
for the precursor material Zn(acac), in the reference
system Zn(acac), | BnNH,. For this purpose, the scat-
tering intensities of Zn(acac), | BnNH, reference sam-
ples in the concentration range 6.13 g L' <C Zn(acac), <

17,65 gL' were recorded using the SAXS camera.
Higher concentrations could not be considered due to

@ Springer



106 Page 6 of 17

J Nanopart Res (2019) 21:106

the rapidly increasing viscosity of the samples. Bragg
reflections of crystalline Zn(acac), lattice planes in the
scattering angle range 20 =13° —17° could be ob-
served, as shown in Fig. la. Therein, the scattering
intensity decreases with lower
Zn(acac), concentrations until finally the background
scattering of pure solvent BnNH, is achieved. Thus,
the observed Bragg reflexes within the range 13° <
26 <17° could be clearly assigned to the zinc precursor.

Assigning scattering peak intensities of the dominant
reflection after background scattering deduction of pure
BnNH, at 20 =16° to concentrations of the reference
suspensions resulted in a linear correlation between

a
1.2x10" : T :
——17.65 gL Zn(acac),/BnNH, t120 =16°
—_ 12.26 gL Zn(acac),/BnNHy |
3 axt0? 8829l Zn(acac)y/BiNH, / : i
- ——6.13gL™" Zn(acac),/BnNH, / H
- .
@ —+— BnNH,
2 6x10°- niR, . 7 i
[ 4\ L/
-t 1Y .
E / LA -
o \/ \
£ J ¥
T 4x10° ,-/ / ’x\ e
ﬁ / ) e d \
S .-.~ N4 \¢,t> \%" ety
@ 5 .\;lg’m
/\ /\ / fA’ A S emr] ‘/\*\ :’Y)/
,» H
: : : 5 :
13 14 15 16 17
scattering angle 26 [°]
20 :
=) B Zn(acac),- concentration in BnNH,
e Linear Fit ( R® = 98 % ) a
I
> 16- -
c
m
£
= 12 a -
]
®
= ]
T 8- -
)
e [ ]
o
S 1
=
©
®
4]
R [ ] E
] r r r r
N T T T T
0.00 0.02 0.04 0.06 0.08

scattering intensity maxima at 20 = 16° [a.u.]

Fig. 1 Decreasing Bragg reflections of crystalline Zn(acac), with
decreasing concentration in BnNH, in the range 13° <26 <
17°(a) and the associated linear approximated (dashed line) inten-
sity maxima after background scattering deduction at 26 = 16°
(black squares) plotted over the correlated Zn(acac), concentration

(b)
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Zn(acac), concentration and scattering intensity with a
very high coefficient of determination ( R*=98%),
which is shown in Fig. 1b. Based on the hereby obtained
linear relationship, which is also confirmed in Eq. (7),
the general validity of our SAXS camera for the quan-
titative detection of the zinc precursor in pure BnNH,
could thus be confirmed. Based on the linear regression,
a linear calibration function for the quantitative investi-
gation of Zn(acac), concentrations Czy(acac), for the
crystalline system Zn(acac),/BnNH, could be obtained
in Eq. (13). Based on works of Zellmer et al. (2015),
Soofivand et al. (2014), Kelchtermans et al. (2013), and
Pinna et al. (2005), an assumption was made that the
scattering reflections of crystalline AZO (20> 30°) do
not affect the reflections of Zn(acac), at 13° <26<17°
obtained here. Thus, Eq. (13) also remains valid for the
investigated system containing two crystalline phases
AZO | Zn(acac), | BnNH,.
Cananey, = (259 £ 1%) 3515 [ L] (13)

To validate the applicability of the QPA method in
terms of time-resolved analysis of Zn(acac), consump-
tion, an AZO synthesis was carried out at reaction
temperature 7g =110 ° C and an initial precursor con-
centration C =25 g L' Fig. 2, correlated Zn(acac),
concentrations of multiphase reaction samples AZO |
Zn(acac), | BnNH, , determined from the evaluation of
the dominant reflection peak at 26 =16° by QPA and
using the calibration function from Eq. (13), are plotted
over reaction time (black squares).

The correlated zinc precursor concentration Czp(aeac),
(¢) in Fig. 2 decreases exponentially with increasing
reaction time in the period 0 < #z <100 min up to full
consumption of Zn(acac),. For a quantitative descrip-
tion of the consumption processes of the zinc precursor
during the AZO synthesis via the benzylamine route, the
pseudo-first-order kinetics model from Eq. (11) has
been fitted to the QPA data in Fig. 2 by a high coefficient
of determination (RZn (acac), ~98%). Due to this fact, the
determination of important process parameters of the
Zn(acac), consumption from Eq. (11) was feasible, such
as the rate constant £L1%°C = ~11.3-10*s™! + 15%, an

Zn(acac),
extrapolated initial Zn(acac), concentration
Czn(acac), (0)723.8 g L™' 4 3%, and an expected dura-

tion of the reaction ta(gagac) (00)=52 min £ «1%, after

which 97% of Zn(acac), were consumed. In order to
validate the pseudo-first-order kinetics for the overall
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Fig. 2 Correlated Zn(acac), concentration dependent on reaction
time from QPA by means of SAXS data after using Eq. (13) (black
squares) at constant process conditions (Tr=110°C; Cg=
25 ¢ L") and the approximated pseudo-first-order consumption
kinetic function based on Eq. (11) with R*>~98% (dashed line)

synthesis process, the growth of the AZO nanocrystals
by gravimetry was additionally investigated. A QPA of
the crystalline AZO reflections was not feasible due to
the limited angular resolution of our SAXS laboratory
camera (0 ° <26 <30°). In this context, the previously
determined normalized pseudo-first-order consumption
model function of Zn(acac),, based on QPA, and the
associated normalized pseudo-first-order growth model
function of AZO from Eq. (12), based on gravimetric
data with a very high coefficient of determination
(R%,0=99%), are plotted in Fig. 3.

Here, the qualitative trajectories of the respective
growth and consumption functions formed an intersec-
tion at a concentration ratio of approx. 50%, indicating
pseudo-first-order kinetics for the overall synthesis of
AZO nanocrystals via the benzylamine route. The final
proof could be provided by the comparison of the con-
sumption and growth rate constants in Fig. 3 by calcu-
lating their relative mean deviation
AkAZO/Zn(acac)z = 13%. By
Akazo /Zn(acac), Of AZO and Zn(acac), kinetics with the
occurring model-related errors of & in Fig. 3, obviously
no difference can be established between the two rate
constants of each respective process. Hence, it was
generally proven that both the consumption kinetics of
Zn(acac), and the growth kinetics of AZO are identical
at the investigated process conditions. This fact thus
proved that the synthesis of AZO nanocrystals via the
benzylamine route follows generally a pseudo-first-

comparing

order kinetics, as originally assumed in the “Kinetic
model describing AZO nanocrystal synthesis” section.
Furthermore, it could be shown that the process duration
compared to the work of Zellmer et al. (2015) from
~30 min at 7R =200°C to ~60 min at 7T =110°C
could be significantly extended and thus a better time
resolution of the particle formation processes was
achieved for further investigations.

Growth behavior of AZO using kinetic model and TEM

For a precise investigation of the growth behavior of
AZO nanocrystals during the synthesis via the
benzylamine route, knowledge of its growth kinetics
offers decisive advantages. The previously obtained
pseudo-first-order kinetic model contains important in-
formation regarding the time of sampling and subse-
quent morphological investigations obtaining an opti-
mal description of the time-resolved growth behavior of
AZO nanocrystals. Based on the previously obtained
kinetic parameters, a region with high rates of change
in crystal growth in the time period of 0 min <7<
60 min could be defined, in which a high sampling rate
was performed with increasing time intervals, whereas
only two more sampling times ¢= 120min, 7= 135min
were necessary to resolve the final state of AZO growth
(see Table 1). It was thus possible to ensure the optimum
description of the entire AZO nanocrystals growth
course with as few sampling steps as possible, on the
one hand with a high resolution of expected changes in
crystal growth and on the other hand to ensure the
complete acquisition of crystal growth by detecting the
expected plateau.

In addition to the determination of the optimum
sampling intervals, predictions on the growth of single
particles could be made using the parameters from the
kinetics model function in the “Kinetics of AZO nano-
crystal synthesis using QPA” section. Taking into ac-
count some assumptions, e.g., finished nucleation pro-
cesses before sampling and consequently a constant
particle number concentration (C,(f)=C,, =const.), a
monodisperse growth of spherical particles with con-
stant density (p=const.) and neglecting particle—
particle interactions, it can be concluded from the in-
crease of the total particle mass concentration to an
equivalent increase in the particle diameter of a spherical
single particle. Here, the total mass concentration
Cazo(?) of the entire AZO particle collective consisting
of monodisperse particles with the previously assumed
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Fig. 3 Normalized pseudo-first- 1.0
order Zn(acac), consumption
model functions based on QPA
data by SAXS and associated
normalized pseudo-first-order
AZO growth model functions
from gravimetric data at constant
process conditions: T =80°C;
Cg=125gL™"

concentration ratio Zn(acac), [-]

0.0

05+ =

Growth function AZO:
T,=110°C; C_=25gL"
k=9.8+10"s"+8%

Consumption function Zn(acac),:
emm T _=110°C;C_ =25gL"
k=11.3+10"s"+15%

constant number concentration C,, and spherical diame-
ter ds(f) at reaction time ¢ can be calculated with Eq.
(14).

7T'ds3(l)

Cazo(t) = Cyp 3

[gL™] (14)

Thus, combining Eq. (14) for two different time steps
at the earliest detectable #,,;, and at the final reaction
time ¢, results in Eq. (15), calculating a maximum
global growth ratio X' of the synthesis process.

o ds(tn) 5] Clt)

X' = =
dS(tmin) C(tmin)

] (15)

The obtained maximum growth ratio in Eq. (15) is a
general tool comparing the growth progress between
different measurement methods, based on the detection
of the particle size on the one hand and the detection of
the mass concentration on the other. Extracting the
already known mass concentrations from our pseudo-
first-order kinetics model of AZO nanocrystals both at

Table 1 Optimized times of sampling after start of reaction pro-
cess at constant process conditions (7 =110°C; Cg=25¢ LY
based on pseudo-first-order kinetics model function in the
“Kinetics of AZO nanocrystal synthesis using QPA” section

Times of sampling after start of reaction [min]

13.5 42 120
20 60 135

@ Springer
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the earliest stage of growth C(fy, = 3min)=1.1 gL ™' +
5% and at the end of growth C(z, =135 min)=
Cazo(0)=7.3 g L'+ 1%, the determination of the
maximum expected growth ratio X<™ =2 of the AZO
growth process was possible using Eq. (15). Based on
XXMt is thus possible to deduce the maximum expect-
ed change in primary particle size if an ideal growth of
monodisperse single particles is assumed. To verify the
previously assumed growth behavior of the considered
process, TEM images of AZO nanocrystals, synthesized
under the previously introduced constant process con-
ditions, sampled after reaction times of =3 min and ¢ =
135 min on the basis of Table 1 are shown in Fig. 4.

The particle size analysis of these TEM images
showed an increase of the mean maximum Feret diam-
eter from dpmax(f =3 min)=11.7nm +25% to
dpmax (t = 135min) = dg max (£,)=72.0 nm £ 10%.
Here, a crystal growth was observed by the increase of
the maximum Feret diameter during the considered
period. Due to the assumption of spherical crystals,
EF"max = dg was supposed. Based on TEM analysis a
growth ratio X™™ = 6 was obtained using Eq. (15).

The direct comparison between the previously de-
scribed TEM- and kinetic-based growth analysis
methods in Table 2 shows a clear difference in the
maximum growth ratio of a factor of three, which could
not be attributed to measurement errors due to the order
of magnitude.

Consequently, it can be seen that the AZO
nanocrystals actually grew to significantly larger
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Fig. 4 TEM images of AZO
nanocrystals synthesized at
constant process conditions (7 =
110°C; Cg=25gL ") and
sampled at an early stage of
growth after #=3 min (a) and at
the end of growth after =

135 min (b). Hexagonal-shaped
nanocrystals are marked with ar-
rows and dashed lines (b)

crystals during their growth process (see Fig. 4b), as
originally predicted by the kinetics model function.
Based on this fact, it could be suggested that the growth
of the AZO nanocrystals via the benzylamine route did
not result in pure single crystals from a classical crys-
tallization mechanism but in mesocrystal structures by a
non-classical crystallization mechanism (Colfen and
Antonietti 2005; Ludi et al. 2012; Niederberger and
Colfen 2006; Zhang et al. 2009), which is shown in

detail in Fig. 5 by examining a single hexagonal-
shaped particle from Fig. 4b.

With detailed observation of the gray value trend
along the dashed line drawn in Fig. 5a at the cross
section of a single particle, in Fig. 5b, an internal grain
boundary (lower peak, marked with the lower dashed
horizontal line) could be observed between the two
significant phase boundaries of the examined single
particle (two dominant peaks, marked with the upper
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Table 2 Comparison of two maximum growth ratios of AZO between TEM data (X™) and kinetic model data (XKi“‘) including the
respective raw data at the earliest stage of growth (#=3 min) and at the end of growth (¢= 135 min)

Method t=3 min t=135 min Max. growth ratio X' []
TEM data: 11.7£25% 72+10% 6

ds, tem [nm]

Kinetics model data: 1.1+£5% 73+1% 2

ClgL™

dashed horizontal line). Consequently, the internal grain
boundaries strongly indicated that the AZO nanocrystals
has been formed aggregates during the stages of growth
and grew consequently into mesocrystal structures in the

250 T T T T T T
200 - = grey-value profile across a single u
mesocrystalline AZO - nanoparticle
-
o
(] 4 i
F 150
©
>
1]
> 100 -
[
S
[=2]

50

length scale [nm]

Fig. 5 Detailed observation of a hexagonal-shaped (solid line)
single polycrystalline AZO nanoparticle, synthesized at constant
process conditions (T =110°C; Cg=25g L Yand sampled after
end of growth (a) and its respective gray value profile plotted over
the length scale of the drawn dashed line (b)

@ Springer

further growth process until internal grain boundaries
remained (Colfen and Antonietti 2005). Additionally, a
typical hexagonal shape of the AZO mesocrystals,
which was highlighted on the one hand by arrows and
dashed lines in Fig. 4b and on the other by a solid line in
Fig. 5a, led to the presumption of an oriented aggrega-
tion process during growth, which was described else-
where (Jia and Gao 2008; Ludi et al. 2012; Penn and
Soltis 2014). Moreover, the observed hexagonal shape
of the AZO mesocrystals closely resembled the hexag-
onal wurtzite lattice framework of a classical zinc oxide
single crystal (Wang 2004). In turn, it has shown that a
hexagonal shape represents an energetically favorable
arrangement of AZO primary crystals. In contrast to a
complete fusion of primary crystals, as reported in the
works of Olliges-Stadler et al. (2013) and Jia and Gao
(2008), it was assumed here that the surface wetting of
the organic solvent leads to the stabilization of the
primary crystals and thus results in AZO mesocrystals
with remaining internal grain boundaries, as reported
from Song and Célfen (2010).

Morphological analysis of crystal growth using SAXS

In order to describe the growth behavior of the previ-
ously investigated AZO nanocrystals (7g =110 °C;
Corec=25¢ L") in more detail in terms of time resolu-
tion, the ethanol-based samples of AZO were examined
time-resolved in the range 3 min <¢<135 min by
means of our SAXS laboratory camera. The resulting
background purified scattering intensities / were plotted
twice logarithmically as functions of the scattering vec-
tor g < 1 nm ' and the reaction time # in Fig. 6 (dots).
Based on the highlighted maximum scattering inten-
sities /(qmin) of each curve at constant minimum
scattered angle ¢, =0.108 nm ' (see values of
enlarged dots in Fig. 6), an increase in total scattering
intensity /(g) can be seen with increasing reaction prog-
ress. Since /(g) is square linked in Eq. (1) to the particle
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volume of a single particle Vp, a growth of nanocrystals
could be generally derived from the time-dependent
increase of /(q), considering the assumption of finished
nucleation before starting growth.

Moreover, the model function of Guinier from Eq.
(2) was fitted to the respective scattering curves in Fig. 6
with R? >95% in terms of a time-resolved investigation
of crystal size (see solid lines with gray filling). For a
detailed evaluation of the time dependency of the
Guinier model, the appropriate fits from Fig. 6 were
again examined on the basis of a 2D plot in Fig. 7a.

In addition to the previously discussed time-
dependent increase of /(g), a continuous increase in
scattering intensity and a left shift of the obtained
Guinier fits towards smaller scattering vectors were
observed with increasing ¢ This shift showed an in-
crease in R, with reaction time, because of the direct
reciprocal relation of R, and ¢ in Eq. (2). Based on R,,
the correlated d, was calculated for every time step using
Eq. (3) and subsequently plotted over ¢ in Fig. 7b. Here,
a limited increase of dy from 14.2 nm+17% up to
32.5 nm+3% could be observed in the investigated
range of 3 min <7<135 min, whereas the qualitative
course of crystal growth could be successfully verified
by the similarity to the previously obtained pseudo-first-
order kinetic model from the “Kinetics of AZO nano-
crystal synthesis using QPA” section and due to the very
high coefficient of determination (R>>98%).

To first clarify the question of which type of particle
sizes were detected by means of SAXS, primary crystal
size or size of agglomerates, a comparison was made
with TEM images from the “Growth behavior of AZO
using kinetic model and TEM” section Table 3 com-
pares the mean particle sizes d, determined by means of
TEM (see Fig. 4) and SAXS (see Fig. 7b) at the earliest
sampling time 7= 3 min min and at the end of the crystal
growth =135 min with the corresponding maximum
growth ratios based on Eq. (15).

After a growth of =3 min, both the average particle
sizes determined by means of TEM and SAXS were in
the same order of magnitude. Thus, the evidence of the
measurability of mean primary crystal sizes by means of
SAXS in the early growth stage was confirmed by
comparison with TEM in Fig. 4a. In contrast, the final
mean crystal size after =135 min determined by TEM
was almost more than twice as high than by SAXS,
which becomes particularly clear with regard to the
difference of the appropriate maximum growth ratios
X54XS and XTEM in Table 3. In addition, when

comparing the SAXS data with the kinetic model data
from the “Kinetics of AZO nanocrystal synthesis using
QPA” section, which are also listed in Table 3, the
equality of X3**S and X*™™ could be observed, indicat-
ing an ideal growth behavior of single monodisperse
AZO crystals without formation of mesocrystals was
recorded by means of SAXS. Based on the two com-
paring facts regarding SAXS data: the similarity of dg,
tem and ds, saxs at £ =3 min and the equality of XSAXS
and X*'™ in Table 3, it was proven that the growth
behavior of AZO primary crystals could be detected
by means of SAXS, while the mesocrystals could not
be resolved due to resolution limits of the used SAXS
laboratory camera. In this section, it has been shown that
the SAXS measuring technique is able to study the
growth of the primary particles despite its agglomeration
behavior and thus be contributed to a comprehensive
understanding of the growth behavior of AZO
mesocrystals during synthesis via the benzylamine
route.

Fractal analysis during AZO growth using SAXS

In addition to the primary particle size, additional infor-
mation about the fractal properties of the AZO
nanocrystals could be obtained during synthesis from
the SAXS data in Fig. 6. In order to investigate fractal
properties of AZO in detail, the scattering intensity /(g)
of AZO at t=135 min was plotted double logarithmi-
cally over ¢ in Fig. 8 including the respective Guinier
model fit (dashed line), which was previously discussed
in the “Morphological analysis of crystal growth using
SAXS” section.

To determine the fractal dimension of the mass
and surface fractals of the previously investigated
AZO primary crystals, the power law from the
Porod model in Eq. (4) was approximated twice to
the respective scattering curve in Fig. 8 as straight
lines from whose gradients the respective fractal
dimensions were obtained. In detail, the change in
the slope of the total scattering curve in the sur-
rounding area of the Guinier plot (dashed line),
which could be specified with ¢*(¢=135 min)~=
0.18 nm ' at the intersection of both power law
plots (solid lines), was analyzed. In a first step, the
mass fractal dimension Dg,(2=135 min) — 3 could
be determined from the slope of the power law for ¢
<g¢" in Fig. 8. The detection of mass fractals gener-
ally confirms the fact that the studied AZO primary
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scattering intensity [a.u.]
=

10* Y
0.1

scattering vector [nm™]

Fig. 6 The scattering intensity of AZO nanocrystals by means of SAXS is plotted over scattering vector g <1 nm ! for different reaction
times in a 3D plot. In addition, the respective Guinier plots and the maximum intensities of each scattering curve are marked

crystals were present in an aggregate structure after
completion of growth at =135 min (Schnablegger
and Singh 2013). Here, Dy, (=135 min) was at the
upper limit of the value range for determining mass
fractional dimensions in Eq. (5), containing informa-
tion about the relative packing density of the ag-
glomerates investigated. The higher the Dg,, the
higher the packing density of the agglomerates, from
which a maximum packing density could be derived
for the AZO crystal system studied in Fig. 8 at =
135 min (Virtanen et al. 2004). Furthermore, the
fractal dimension of the primary particle surface
Dgs(t=135 min)= 2.1 was extracted from the slope
of the power law for ¢ >¢" in Fig. 8, indicating a
smooth surface of spherical AZO primary
nanocrystals after finishing their growth with respect
to the limited range 2 <D< 3. To investigate the
behavior of fractal properties during growth of pri-
mary AZO nanocrystals in detail, the respective
fractal dimensions of surface and mass (D¢s; Dgy)
were determined from the scattering curves in Fig. 6
for each reaction time step in the range 3 min <¢<
135min using the power law as shown before and
subsequently plotted versus 7 in Fig. 9.

Here, a steady increase of Dy, in the range 2.5 < Dy,
<3 (see Eq. (5)) could be observed with increasing
reaction progress. Within this range, the primary AZO

@ Springer

crystals were always in an agglomerated state, but its
packing density increased linearly with progressive re-
action time. However, it could not be completely ruled
out weather the necessary sample purification steps for
SAXS measurement had an additional influence on the
aggregation state of the investigated AZO nanocrystals.
Therefore, the measured values were considered only
relative to each other in order to demonstrate that a
densification process has been occurred during the
growth process of primary AZO nanocrystals. Conse-
quently, the time-resolved mass fractal analysis by
means of SAXS provided clear evidence to support the
growth behavior adopted in the “Growth behavior of
AZO using kinetic model and TEM” section, which also
has been observed a densification process of originally
primary crystals to aggregates with remaining internal
grain boundaries from TEM analysis in Fig. 5. In con-
trast to Dy, in Fig. 9, Dy showed an exponential de-
crease with increasing ¢ within the fractal range 2 <
D5 <3 (see Eq. (6)), indicating a smoothing process of
the primary crystal surface during crystal growth. With
regard to the time interval 40 min <¢<60 min, no fur-
ther significant change in Dgg could be observed here,
indicating the completion of the surface smoothing pro-
cess within a similar range as the overall synthesis
process previously observed from the kinetic model in
the “Kinetics of AZO nanocrystal synthesis using QPA”
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Fig. 7 Guinier models by means of SAXS data from Fig. 6 (a)
and the equivalent diameter of a sphere, extracted from Guinier
models, is plotted over reaction time and approximated by the
modified kinetics model described in the “Kinetic model describ-
ing AZO nanocrystal synthesis” section (b)

section. The continued densification process within this
time interval, which can be seen from the linear course
of Dy, may strongly indicate that processes of rear-
rangement of primary crystals still occurred even after
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Fig. 8 Scattering intensity of AZO nanocrystals by means of

SAXS, sampled after 7= 135 min, is plotted over scattering vector

in a double logarithmic way (dots), the respective Guinier model

(dashed line), and the power law functions for ¢ <¢* and ¢ > g",
while ¢ sets the change in slope of the total scattering curve

completion of the primary crystal growth and the surface
smoothing processes under the influence of thermal
energy and time, as reported in case of titanium dioxide
by Dalmaschio and Leite (2012).

Growth model for AZO nanocrystal synthesis via
the benzylamine route

Based on all findings gained in this work, a non-
classical crystal growth model describing morphologi-
cal changes during the synthesis of AZO mesocrystals
via the benzylamine route was generally derived at the
investigated process conditions (Tg =110°C; Cpree=
25 g L") and illustrated in Fig. 10. In general, the
growth behavior of AZO nanocrystals could be divided
in three growth stages.

In the first stage of growth in Fig. 10, for <3 min in
the context of the examined process conditions, a

Table 3 Overview of the maximum growth ratios of AZO from TEM data (X™M) SAXS data (XS AXS), and kinetics model data (X in') and
including the respective raw data at the earliest stage of growth (= 3min) and at the end of growth (= 135min)

Method t=3 min t=135 min Max. growth ratio
X[

TEM data: 11.7+25% 72+10% 6

ds, tem [nm]

SAXS data: 142 +17% 325+3% 2

ds, saxs [nm]

Kinetics model data: 1.1+5% 73+1% 2

ClgL™]
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homogeneous nucleation followed by an uniform nuclei
growth leads to single AZO primary nanocrystals with
roughened surfaces, as confirmed by TEM analysis of
Fig. 4a in the “Growth behavior of AZO using kinetic
model and TEM” section and the SAXS evaluation of
Fig. 6 in the “Morphological analysis of crystal growth
using SAXS” and “Fractal analysis during AZO growth
using SAXS” sections. In the second stage of Fig. 10,
several mechanisms occur simultaneously in the range
3 min <¢< 60 min. It includes an exponential growth of
the primary AZO nanocrystals to their final size follow-
ing pseudo-first-order kinetics until the fully turnover of
zinc precursor, which could be obtained from QPA data
in the “Kinetics of AZO nanocrystal synthesis using
QPA” section and the SAXS data in the “Morphological
analysis of crystal growth using SAXS” section. Due to
the lack of a stabilizer, an oriented agglomeration of the

reaction time [min]

primary crystals into hexagonal-shaped AZO
mesocrystals with internal grain boundaries achieving
an energetically favorable arrangement could be ob-
served by TEM and fractal analysis with SAXS in the
“Growth behavior of AZO using kinetic model and
TEM” and “Fractal analysis during AZO growth using
SAXS” sections. In addition, a smoothing process of the
primary crystal surface and a densification process of
the AZO mesocrystals take place during the synthesis
occurs, which could be observed in detail by fractal
analysis with SAXS in the “Fractal analysis during
AZO growth using SAXS” section. In the third stage,
in our case within the range 60 min <¢< 135 min, the
densification and orientation process still occur after the
overall synthesis process and thus the growth of the
AZO primary crystals has already ended, which could
be observed by comparison of time-resolved fractal

2 3

>

Fig. 10 Growth model for the formation of AZO nanocrystals during non-aqueous sol-gel synthesis process via the benzylamine route,

which is generally divided into three growth stages
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mass analysis from SAXS data in the “Fractal analysis
during AZO growth using SAXS” section with kinetics
properties of the total synthesis process from QPA data
in the “Kinetics of AZO nanocrystal synthesis using
QPA” section. After finishing the densification and
orientation processes, oriented AZO mesocrystals with
a typical hexagonal shape and thus a high similarity to
the wurtzite structure of a ZnO single crystal (Ozgiir
et al. 2005), smooth surfaces and remaining internal
grain boundaries arise (see Figs. 4b and 5a). Similar
findings of densification and orientation processes dur-
ing the non-aqueous formation of AZO nanolayers also
have been observed by the work of Luo et al. (2012).

Conclusions

The novelty in this work is a developed method of
showing time-resolved accessibility of measurement
techniques to nanometer scale leading to a detailed
growth model, which describes different growth stages
in the formation of hexagonal-shaped AZO
mesocrystals during the synthesis via the benzylamine
route. Here, the obtained growth model includes differ-
ent particle formation mechanisms, such as primary
particle growth, surface smoothing, oriented agglomer-
ation, and densification processes, which were previous-
ly obtained by means of SAXS and TEM analyses and
finally supported with a pseudo-first-order process ki-
netics of the total synthesis process based on a new QPA
method using a lab-scale SAXS camera. In detail, a
newly developed and gravimetrically successfully vali-
dated QPA method was first introduced to record the
consumption of the zinc precursor in a time-resolved
manner, thus deriving a pseudo-first-order process ki-
netics for the overall synthesis process of AZO
nanocrystals via the benzylamine route. By the knowl-
edge of the previously validated process kinetics, on the
one hand time intervals with high expected crystal
growth rates and on the other hand the termination of
crystal growth could be estimated very well, deriving
optimal sampling times for the further structural analysis
of the AZO growth behavior. In the context of the
structural analysis of AZO, the introduction of a maxi-
mum growth factor as a comparative factor between
TEM analysis and the overall process kinetics at the
earliest detectable and a finished growth state success-
fully demonstrated that not a classical crystallization of
pure single crystals but a non-classical crystallization

mechanism into hexagonal-shaped AZO mesocrystals
with internal grain boundaries occurred. Furthermore, a
more detailed and comprehensive insight into the
growth behavior of the AZO mesocrystals in terms of
primary particle size and fractal structures could be
obtained by using a self-built SAXS laboratory camera.
Based on SAXS data, the obtained exponential change
of primary particle size of AZO mesocrystals during
growth could be obtained despite agglomeration, subse-
quently verified with TEM and successfully validated
with the pseudo-first-order kinetics of the total
AZO synthesis process. Moreover, the fractal analysis
based on SAXS data proved that two processes occurred
simultaneously during AZO crystal growth: a smooth-
ing process of the primary crystal surfaces on the one
hand and a densification process of the aggregates to
mesocrystals with remaining internal grain boundaries
on the other hand. Finally, using previously obtained
TEM, SAXS, and kinetics data based on the synthesis
conditions studied, a new general growth model for
AZO nanocrystal synthesis via the benzylamine route
was postulated getting an in-depth insight in particle-
based formation mechanisms in the nanoscale leading to
fractal and hexagonal-shaped AZO mesocrystals.
Looking ahead, this work will serve as fundamental
work in nanoparticle research to demonstrate the acces-
sibility of measurement methods to nanoscale area
obtaining comprehensive insights in particle formation
mechanisms.
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