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Abstract. In complex chemical syntheses (e.g. coprecipitatianti@ns), nucleation, growth,
and coarsening often occur concurrently, obscuring thevithéil processes. Improved
knowledge of these processes will help to better understanolpimize the reaction protocol.
Here, we employed a form-free and model independent approaséd on a combination of
time-resolved small/wide-angle X-ray scattering, to elueidbe effect of reaction parameters
(such as precursor concentration, reactant stoichioneatdytemperature) on the nucleation,
crystallization, and growth phenomena during the formatfaranocrystalline barium titanate.
The strength of our approach is that it relies solelthertotal scattered intensity (i.e. scattering
invariant) of the investigated system, and no prior knowlaslgequired. As such, it can be
widely applied to other synthesis protocols and material’s systems. Through the scattering
invariant, we found that the amorphataserystalline transformation of barium titanate was
predominantly determined by the total amount of water released the gel-like barium
hydroxide octahydrate precursor, and three rate-limiting regivees established. As a result
of this improved understanding of the effect of varyingctiea conditions, elementary
boundary conditions could be set up for a better controhe barium titanate nanocrystal

synthesis.



1. Introduction

Nanocrystals (NCs) often display very different opeagonic, chemical, or magnetic
properties than their bulk counterparts, mainly imparted Hmir tstrong size-dependent
characteristics. Over the last decades, great progaedslen made to fabricate and manipulate
materials at the nanoscale, which assisted the tifesteve miniaturizatio®”! As devices and
device components are fabricated at ever smaller size@g)damental understanding of the
phase formation is a prerequisite to exert microstructamdl morphological control (e.qg.
monodispersity) at these length scales. Due to the highcsdo-volume ratio of NCs,
however, it becomes challenging to discern between tHeation and growth processes. In
order to form monodisperse nanocrystals, typicallynglsiand unique nucleation event (i.e.
burst nucleation) is required to prevent further nucleaieps as they interfere with the growth
of the as-formed nuclei. As nucleation presents a largggyg barrier, high levels of
supersaturation facilitate overcoming this barrier. B@ngple, the hot-injection technique is
able to overcome the nucleation barrier through the gwefction of precursors into a ligand-
containing solution at high temperatl#eThis method has been successfully employed to
synthesize a wide range of metal and metal chalcogenidéuguaiots® and more recentjy
lead halide perovskite nanocrystals (N&s)The short reactions times (i.e. time scale in
seconds), however, pose a challenge to discern the subseeaetiin processes. Methods
based on pre-mixing the precursors at low temperatures, witiging their crystallization at
elevated temperatures, provide a more suitable approdolote the nucleation and growth
phenomena, due to extended reaction times. This method easwigely adopted in the
nonaqueous sol-gel synthesis of monodisperse binary arayenetal oxide NC8! whereby
the oxygen is typically provided by either the solvent er tiietal alkoxide/acetylacetonate
precursor$! Hydrolytic sol-gel routes, on the other hand, involve thydrolysis and
subsequent condensation of metal alkoxide precursors (in aceesio®r acidic conditions}.

These water-based reactions are often limited by: (1higtereactivity of water towards the
3



metal alkoxide precursors, (2) the immiscibility of waterhwtite organic solvents in which the
reaction takes place (i.e. inhomogeneous distribution)3)re@action temperatures above the
boiling point of watef!! Hence, judicious control over reaction parametersgsired to form
high quality NCs. Previously, we proposed a facile one-pot alkelxydiroxide precipitation of
nanocrystalline barium titanate (Ba&i@TO) powders in benzyl alcohol under near ambient
reaction condition8! We showed that, the Ti-alkoxide precursor was hydrolyzed ligrwa
slowly released from the Ba(OHBHO precursor under mild heating, and subsequently
condensed into ca. 10 nm-sized BTO NCs. Despite our undergaoidihe final product at
predetermined reaction times and temperatures, we do notgw@tvikdnich processes occur at
the earlier stages of BTO formation, or how these @m®E® proceed. The coprecipitation
reaction involves concomitant nucleation, growth aratsening processes, and the individual
reaction steps are frequently obscuféd.o overcome this, we followed the amorphdois-
crystalline phase transition of BTO using a combinatiotinoé-resolved small/wide angle X-
ray scattering (SAXS/WAXSY! and X-ray diffraction (XRD). In this report, we combined the
above methods with high-resolution microscopy of tirened phases to elucidate the effect
that varying reaction conditions (i.e. reagent conegiotns, temperature, water content, and
precursor stoichiometry) have on the reaction rate anchamésm of BTO nanocrystal
formation. Using form-free and/or model independent anabfs®AXS curves we quantified
the effect of reaction conditions on the nucleationystallization, and growth phenomena
during the synthesis. We could show that the rate amhieat crystalline phase formation was
predominantly determined by the amount of water present andothabn-stoichiometric

precursor ratios a more complex relationship betweenioeguarameters existed.



2. Model Independent SAXS Data Analysis

A sample, which is either particulate or bicontinuous)fiasticulate) in nature and at the same
time exhibits nanometer-range electronic density vanatiavill scatter photons from the
monochromatic collimated X-ray beam that passes threagh sample. In our case, these
density fluctuations may arise from a homogeneous suspesfdlrO particles (with electron
densityp) in a solvent matrix of different electron densjiy(or similarly from porosity within

a particle). The recorded scattering intensity, I(q)prsportional to the square of electron
density difference, (Ap)?, between the BTO particles and the benzyl alcohol sbivetrix.
Conventionally, 1(q) is plotted versus the magnitude okttadtering vector, g, and is related to

the scattering angle (20) and the wavelength (1) of the incident beam via:

q:4—7rsin6?

(1)
For particulate systems, as we describe here, the rechitéensity can be expressed as a
product of the number density of particlestiid¢ scattering contrast, (Ap)?, particle volume, V,
and a single particle form factor B(q
1(@)=N-(ap)°-V2-P(a) (2)
One can also defing £ N-(Ap)*\# as a convenient parameter to scale the form factonstgai
the scattered intensity, since P{) = 1. Typically, form factors express the shape of
individual scatterers and the appropriate P(q) functisaesdarived for a variety of simple
geometriest!! Furthermore, more complicate assemblies of partickeofien referred to as
form factors, like e.g. mass-fractal aggregétésr polymer coils!*’! as long as the individual
assemblies are non-interacting and monodisperse in natutlee current study, we treat the
aggregate of primary particles as an equivalent collectiqgrolydisperse particles. This is a
common approach used for cases when the shape of gactiecldbe approximated by spheres

of radius, R. In such cases, the form factor P(q) pradutpressed as:



P(q, R) = (3 sin(gR) — gR- COS(qR)JZ

(aR)® (3)

For polydisperse spherical particles, however, Eq. $3a longer valid, and the size
distribution function D(r) has to be included in the esgren for the form factor. The averaged
form factor of spheres is then given by Eq. (4):

T D(q,R,o)P(q,r)r¥dr

(P@R o)) =2—
jD(q,ﬁ,a)r“dr

(4)
whereR denotes the averaged radius, and o is the variance of the distribution. The parameter d
takes either values of O, 1, or 2. Depending on the vdluk the average radius yields the
intensity, volume (mass), or number weighted valuek ofespectively. In such case, it
described asE N-(Ap)?-(V?), where(\V?) denotes the distribution-averaged squared volume of
a spherical particle, becaud®(q—0)) = 1.

In order to characterize a system of polydisperse sgi@acticles, typically, a certain
form of D(r) is assumed and the valuesRadnd o are obtained from fitting the expression to
the intensity data. The choice of a particular D@nction is usually limited to only a small
number of mathematical expressions, which may potenti@digcribe a given physical
phenomenon. In quickly evolving and highly polydisperse systensimple form of D(r) is
often not expected, and multimodal distributions have tocbesidered. A form-free
distribution, as discussed below, would then be far mugedul for that kind of particulate
systems. This can be achieved by e.g. the structuresirgece methods and their Monte Carlo
derivatives!® Pauw et al. have recently released a software packagaltives for the finding

of form-free size distribution histograrfié.



2.1 Scattering Invariant

Most of the scattering functions are based on assunsptegarding the particle shape (i.e.
P(qg)). The scattering invariant (or Porod invariant) is onlyethdent on the total scattering
volume, and thus remains constant for a given concamttadt Consequently, this allows us
to monitor the extent of the total particle volume eviolutduring synthesis. The scattering

invariant, Gh, is determined by:

o =["q?1(q)d
Qu =] &1 (a)dg ©

The high intensity measured at low q, caused by scattefitige dargest particles (i.e. large
volume contribution), is thus normalized by multiplying with Additionally, the average
correlation lengtiL), correlation surfacéd), and correlation volume (or Porod volume) df

our investigated system are determined using the scatteraggaint>:

0 3 (R*
(L) == [ q- 1(@dg =23 (6)

_ 2 e _ Am (R
(A) = —Jy 1l@)dq =555 @)

2n’ | _am (k%)
Qiny 0 3 <R3)

= (8)

where R represents a measure of the size of a givea, ghadracket§) represent an average,
and b the extrapolated intensity for-ep: lo = N-(Ap)?(V?). Consequently(L), (A), and V,
represent the volume-weighted average of the typicalete@nncross-section area and volume
of the phases that are present in the dispersiopectgely. In theory, these length-scales are
an average of sizes of both the high density phaseic(psy and low-density phase (solution
in between patrticles). However, for the dispersions \eith particle number densities, inter-
particle correlations are predominant at larger diswfice. outside the measured g-regime),
and thus can be neglected. Consequently, these measpresent sizes of the particles in

dispersion. In such case, the correlation length descthe average length of all possible lines



that can be drawn though a particle in all possible otienis*® which is proportional to, but
smaller than the particle diameter, since the majority of lines do not go through the particle’s
center. Similarly(A) represents a volume averaged patrticle intersectionfaredl possible
cross-sections through a particle.

A representation of the number density of the emergihase (with changing electron
density contrast) is obtained by replacingby N(Ap)?-(V? in Eq. (8), resulting in Q =
2m%-N-( Ap)?>(V). Subsequently, by assuming thaf? =~ (V?), the volume term can be

eliminated by the following ratio:

) 2 _ 1 Qump® _ 1 (@mAN2(Ap)*y)?
N (Ap) - 4 Io - 472 N-( Ap)2,<V2> (9)

Moreover, the specific surface area could theoretically be determined by applying Porod’s law,
where the limit of g»oo for I(q) = d is proportional to the specific surface area. Howewer, t
intensity is not always proportional tdf,cfor example, due to surface roughness. In such a case
we will find an increasing surface area for decreasing lergies which becomes infinite for
g—o.7l Nevertheless, the specific surface cannot be infiniteesthese particles have a
minimum size 6.8 Since this type of extrapolation is not reliable farticles of unknown
shapes, we applied a different approach: the correlatiorceudaroportional to the particle
cross-section, which for (slightly) ellipsoidal objectsproportional to its outer surface area.
Consequently, the ratio of the correlation surfacer ate particle volume provides is

proportional to its specific surface area:

1
5

Vp 5 (RS) 5 (R3) (10)

S
\%
Although the calculation of the invariant is straightfard, in practice it is difficult to measure
from g—0 to g—oo. If we consider the measured g-range as q < g, the contributions at

q.—0 and gqu—o0 can be extrapolated using the Guinier approximéi@and Porod’s law,*%!

respectively. In this manner, good estimatesipf€an be determined.



3. Resultsand Discussion
3.1 Barium Titanate Formation
The barium titanate (BTO) nanocrystals were formed8atC after sequential hydrolysis and
condensation of titanium (IV) isopropoxide and Ba(@8kO in benzyl alcohol. The water
molecules necessary to initiate the hydrolysis, oaigid from the Ba hydrate salt, and were
released under heating. The extent of crystalline BTO eplfiasnation was followed by
measuring the increase of the integrated YJibt@k area at 20 ~31.3° in the XRD patterns
(Figure 1a). From the onset of crystallization at ca 20 min reaxctime (determined from time-
resolved X-ray diffraction), both the bulk crystallimelume and crystallite sizes increased
rapidly, as observed from the increased intensity amcbwang of the diffraction peak at
extended reaction times, respectively. This growth procassnoed for approximately 240
min, after which a plateau was reached (i.e. no furthetatlites growth). In order to monito
the changes during the amorphous phase and subsequentimeygtadse transition more
closely, a combination of SAXS/WAXS was employed. Figure 1lwshone-resolved SAXS
curves for a reaction performed at 78 °C. Upon the appearaf a crystalline phase, the
correlation peak at g ~2.4 ninshows an instantaneous shift to g ~1.8'r{at t = 20 min; blue
curves), followed by an additional shift to g ~1.3 hafter 40 min of reaction. Concurrently,
the scattered intensity of the system increased bytarfa€ ~1.4. Extended reaction times
showed a further shift of the correlation peak to even |l®eattering angles, until a constant
value of g ~0.3 nthwas reached. At the end of the reaction, the absadatéesed intensity
was a factor of ~33 higher than at the time of amorpho«systalline transition. Moreover, a
large linear regime is visible in the range 0.4 < q <n2?.

A similarly distinct difference between the amorphousdleurves) and crystalline
phase was observed in the Kratky plot (Figure 1c). Hegesdhttering angle g is plotted versus
g% 1(q) to normalize the high contribution in scatteredrisity of the largest particles (at low-

g). Subsequent integration of the data in the Kratky pkltlgd the for the low-q regime
9



(Guinier approximation; 0 < g < 0.16 rjnand high-q regime (Porod law; 6.96 < ¢ nnt?),
scattering invariant (Figure 1d), which was corrected by extatipn. The initial rapid increase
of the scattering invariant signifies an increase in tstattering volume, imparted by the
growth of crystallites. This corroborates well with tencurrent shift of the correlation peak
from g ~2.4 to 0.3 nrhin Figure 1b. After t ~450 min, a plateau was reached, andrtieef
changes in the scattering volume were observed, implgatdurther crystallite growth did not
occur beyond this time. A closer look at Figure 1b show® gliiferent slopes in I(q) for g
0.2 nm'. The steep increase in 1(q) during the first 60 min ofélaetion suggests the existence
of a large network or gel (with dimensions far greater tizervable in the measured g-range)
in which nucleation and growth of the crystallites ocedr In the time interval from 75-150
min, however, this slope was absent, and only small chamgles position of the correlation
peak were observed. This suggests that gel-like network ceasasttand no further crystallite
growth occurred beyond this time. The sharp rise ineseat intensity at low q observed >300
min, may be interpreted as clustering of crystallites toeaggge sizes beyond the experimental
g-range. However, the presence of a correlation peak-at3ynm* suggests that crystallites
did not grow further through coalescence, but rather throlugtiering of discrete crystallites
into larger agglomerates. This agrees well with resudts & previous study in which no growth
beyond 10 nm-sized crystallites was observed due to the prefesndense capping layer on
the crystallites’ surface.®”! In addition, the near-constant values fax, ®@r reaction times >300
min proved that no further changes in the scattering nveJuand thus growth through

precipitation, occurred (Figure 1d).
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Figure 1. Time-resolved data obtained from a reaction performé&® aC for stoichiometric
precursor concentration of 0.2 mol dn{a) Evolution of (110) peak area from the XRD data;
(b) Shift of SAXS correlation peak to lower g due to transfolonarom an amorphous (black
line) to a crystalline (blue line) phase; correlation peak maxane indicated by arrows; (c)

Kratky plot; (d) scattering invariant as a functioniofe.

3.2 Nucleation and Growth

To further investigate the effect of precursor concewimatin the nucleation and growth
mechanisms, particle size distributions (PSD) were etddafrom the SAXS curves (see
Figure 2). From the obtained size distribution it is apparemtt # great number of tiny
crystallites (1-3 nm) were formed in the early stagethefreaction. These crystallite sizes
coincide well with the sizes obtained from the correspangosition of the correlation peaks
in Figure 1b (for 1.3 < g < 2.4 nfh As the Ti- and Ba-precursor concentration was decreased
from 0.2 to 0.075 mol dify we observe that the total number of smallest crystalitas
reduced, while crystallization times increased from 20 to 120 asnuéspectively. Due to a
lack of a sufficient number of smallest crystallites,anystallization time could be determined
for the lowest concentration. We hypothesize that thallsnumber of crystallites not only

depends on the decreased precursor concentration, bohalse slower kinetics of hydrolysis
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and condensation due to the lower availability of water (wimatlvertently is lowered due to
lower starting concentrations of the Ba salt). Thalfcrystallite sizes (mean value) extracted

for Ti(O'Pr) is 0.05, 0.075, 0.1, and 0.2 mol dwere 4.0, 5.6, 6.4, and 10.0 nm, respectively.
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Figure 2. Particle size distributions obtained by fitting SAXS cunwith the McSAS software,
for experiments performed at 78 °C and TRk concentrations of (a) 0.05; (b) 0.075; (d) 0.1;
and (d) 0.2 mol dm. The plots where the time points (in min) are denotet am asterisk
correspond to the appearance of the crystalline phase inaXi@DWAXS. The y-axes are all

equally scaled.

HR-TEM was then used to visualize the size and morpholodhieofynthesized crystallites
(Figure 3). After 24 h of reaction, only a handful of very smakstallites, embedded in an
amorphous Ti-based matrix, were observed in materialdasiaed at 0.05 mol df The
amorphous nature of the Ti-based matrix was confirmed eléttron diffraction (see Figure
3a). At 0.075 mol dnd more BTO crystallites were formed, however, they welleestbedded
in an amorphous matrix. Due to the increased amount dbdinys material, a polycrystalline

diffraction pattern was obtained (see Figure 3b insetSamgplementary Information for the
12



corresponding diffraction planes). A further increaseancentration led to the disappearance
of the amorphous network and subsequent increase in the esdhaction of crystalline
particles (as observed with XRD, Figure 1a). The consumpfi@n initial hydrous Ti gel was
also observed by MaclLaren et al. after prolonged heating0atC under hydrothermal
conditions® albeit in their synthesis the Ba precursor was disdoivevater, and thus an
enormous excess was available for the hydrolysis obifipared to our synthesis. Similarly,
Viviani et al. observed the growth of spherical crystallBIEO particles (<10 nm) at the
expense of larger amorphous particles (ca. 100-200*Amhereby the crystalline phase was
only found in the sub-10 nm-sized particles. These findings weed to infer that nano-sized
BTO crystals form initially within an amorphous matrixidathe subsequent coalescence into
larger crystals occurs after the collapse of thelgedbur samples, the disappearance of the Ti
gel at [Ti] > 0.1 mol dri also suggests that crystallite growth occurred at the sgpefithe
amorphous phase. Interestingly, the formation and diigation of very small crystallites was
induced after prolonged irradiation of the focused eledbemm on a single spot (observed in
sample [Ti] = 0.05 mol drf; data not shown), suggesting thafBens were present within
the gel matrix. Given the porous nature of these conderiseetworks, high concentrations of
adsorbed BH ions may be expected on the gel’s surface.*® 2!l Favorable conditions to
crystallize may therefore also be dependent on thdahilty of sufficiently high Ba

concentrations within the amorphous netwéfk.
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Figure 3. HR-TEM images of BTO synthesized at 78 °C (24 h reactime)tiusing various
concentrations: (a) 0.05; (b) 0.075; (c) 0.1; and (d) 0.2 mol.dnsets are SAED patterns
acquired from typical areas as shown in the imagesgale bars in the SAED pattern are 4

nnt,

The scattering invariant provides access to several pteesithat enable a better understanding
of the nucleation and growth process of BTO in benzylhalbtoThe specific surface area,
defined as the ratio betweéf) and \ provides a good measure for the appearance of small
nuclei (large(A)/Vy) and their subsequent growth into larger clusters/cryslifsmaller
(A)Vp), while number density changes (with changing electronitgensntrast) of the
emerging new phase(s) can be monitored via Eq. (9). An owepfiche derived surfacts-
volume and number density changes, in relation to theageesrystallite size and scattering
length (L) are presented ifrigure 4. The synthesis performed using the highest tested
concentration (0.2 mol di) Figure 4d) shows the rapid emergence of a vast numistalale

primary clusters, as witnessed by the fast increasetim K (Ap)? and (A)/Vp, while their
14



subsequent growth is characterized by the rapid decaylothotes and the concurrent stark
increase inL). The peak for NAp)? at ~65 min coincides with the disappearance of the gel
matrix and the sudden shift of the correlation peak from g te10.3 niit (see Figure 1b). The
rapid decrease in the product(Mp)?, implies a strong reduction of the contribution ofii,
which the scattering contrast between the newly evolvecepdnad the supernatant liquid has
reached its maximum value.

Due to the fast growth rate, these larger crystalliteshars most likely formed through
the aggregation and/or coalescence of smaller crystalBigslarly, the fast decay observed
for (A)/V, at ~105 min further explains the loss of surfe@&eolume ratio due to the rapid
crystallite growth. At the start of the coalescence,diwface area of as-formed aggregates is
still high, due to the surface area contribution of theviddal crystals. Over time, this
contribution was reduced as a result of particle smoothemiadinlg to a decrease @). The
fact that(A)/V, decayed ca. 40 min later than(Ap)?> may thus be explained by the time
required to create smooth crystallites. A plateau was eéafth both parameters after crystal
growth stopped. For the lowest concentration (0.05 mof;dfigure 4a) no real nucleation
burst of primary particles (amorphous or crystalline) wlaserved. The rather gradual change
in specific surface area suggests the appearance antlitiissof small (unstable) clusters,
until their precipitation onto larger (more stable) tdus[?®! At these low concentrations the
growth rate is probably limited by the low monomer diffusiatey which mechanism is known
to favor the formation of monodisperse distributi&fsNo (real) growth beyond 4 nm-sized
(in diameter) crystallites was observed, corroboratiati with the particle size distribution in
Figure 2a. At intermediate concentrations (0.075-0.1 mol;dfigure 4b,c) the absence of a
peak in <A&/V, indicates that the burst nucleation is less pronouncetbdhe gradual growth
of stable crystallites, while the absence of a peak-{Ag¥ suggests that further particle

coalescence does not take place (i.e. with a constantienof particles. This corroborates well

15



with the narrow particle size distributions observed for precursor concentrations <0.1 mol dm"

3, and a broader distribution for [Ti] = 0.2 mol drtFig. 2).
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Figure 4. Schematic overview of the mean crystallite size (btaaies), scattering lengiti.)
(open circles), specific surface at@y/V, (in nnit; red line), and the product of particle number
and scattering density-tp)? (in nm’; blue line) for reactions performed with [Ba]:[Ti] = 1
and concentration (a) 0.05; (b) 0.075; (c) 0.1; and (d) 0.2md! (e,f) Reactions performed
with [Ba]:[Ti] = 1 and 0.2 mol dm at 45 °C and 150 °C, respectively. The dashed vertical lines
represent the times of crystallization determined by X&12), serve only as a guide to the eye.

For clarity, the red/blue curves are presented as averagesdsee Figure S2 for example).

3.3 Varying Reaction Conditions
3.3.1 Temperature Dependence ([Ba] = [Ti] = 0.2 mofjdm
Above, we have only discussed the effect of the precumurentration on the formation of

BTO nanocrystals at 78 °C. Since our previous study showedhdaBBTO crystallization
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process in benzyl alcohol was thermally activated, we harter investigated the effect of
reaction temperature (i.e. 45 and 150 °C) on the nucleatidgrowth process&$! The results
(Figure 4e,f) allowed us to derive a crystallization ackvaenergy of & = 65.2 kJ mot over

the temperature range between 45-150 °C. This is comparaBle #055.1 kJ mot (150-
200 °C) found for the crystallization of BTO from a hydrothal reaction using a hydrous
amorphous titania precurs8tl Furthermore, we showed previously that the water release fr
the Ba hydroxide precursor follows a zeloerder reaction rate (i.e. rate independent of the
precursor concentration), whereby similar water amountg weleased at varying reaction
temperatures, for a given concentratithin other words, the dehydration is faster at higher
temperatures, thus affecting both nucleation and crystttin rates. More importantly, the
solubility of the barium hydroxide in its released hydratedew# strongly temperature-
dependent (see Figure $%). Consequently, the limited solubility at reaction tempesstur
<60 °C causes a temporal saturation of'Bans due to the slower release of hydrated water,
which is independent of the initial barium hydroxide octahydcateentration. This effect is
negated at reaction temperatures above the Ba salt’s melting point due to the significantly higher
solubility. On the other hand, the released hydrated watdso prerequisite to hydrolyze the
Ti precursor, which is of great importance for the seffamization towards crystallization. Its
high reactivity, however, ensures a rapid release ofudexl water for hydrolysis upon
alkoxilation (i.e. Ti-O-Ti network formation). The hydysis of titanium (1V) isoproxide thus
always outcompetes the dissolution ofBans, and is therefore not the rate-limiting step. Our
data confirmed that, at 45 °C (Figure 4e), nucleation and grimwk place over a much longer
period of time due to the and limited availability of dissd\gg* ions caused by the slower
release of water, whereas at 150 °C (Figure 4f), thetioeaproceeded very rapidly.
Intermediate trends observed for the reaction performé&a &C (Figure 4d) indicate that the
rates of hydrolysis and subsequent crystallization and grprettesses are indeed determined

by the release rate of Ba hydration water.
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3.3.2 Influence of water ([Ba] = [Ti] = 0.05-0.2 mol dn
The concentration of water present in the systemaha®found influence on the manner in
which the reaction proceeds. An excess of water may leadcdontrolled precipitation and
growth of crystallited’: 271 while a lack of water may result in no reaction at Etle barium
hydroxide octahydrate precursor was used for the controlledseelef 7 moles of water per
mole of Ba during heatin§” Thus, the reduction of the overall Ti (and Ba) precursor
concentration from 0.2 to 0.05 mol dreffectively reduced the overall water concentration in
the system from 2.46 to 0.63 vol%, respectively, while keepingHO]:[Ti] = 7. The zero-
th order dehydration reaction of the Ba precursor ensured &ial release rates for all
investigated concentrations, although the total water ctna¢em available for hydrolysis was
4 times higher for 0.2 mol dfthan for 0.05 mol dry

Figure 5 shows that an increased Ti concentration led to redugsthltization times
and increased mean crystallite sizes (red and black squespsctively). It is also evident that
not the [RHO]:[Ti] ratio, but rather the total water concentratidetermines the rate of
crystallization (see alsdable 1 for an overview of all reaction conditions and crygation
times). To investigate this issue further, two additiongleeiments were performed: (1) the
water content of a reaction performed with [Ti] = 0.1 oo was carefully adjusted from 1.25
to 2.46 vol% (h = 7 to 14, respectively); (2) a reaction waspadd with [Ti] = 0.4 mol-dm
3 (4.80 vol% HO; h = 7).Testing the influence of the increase of h ligctor 2, and the
influence of the total water concentration on thetediization time, respectively, revealed that
a crystalline phase started to appear after ~20 min, argpendent of the precursor
concentration and h, comparable times for crystallinatiere found as for [Ti] = 0.2 mol dm
3. Above a critical water concentration of 2.46 vol%. (c@mplete solubility of available Ba
ions), the crystallization proceeded seemingly via a #eayder reaction rate, corresponding
to the dehydration rate of barium hydroxide octahydrate. Merearystallization was not

affected by the shorter distances over which diffusioreactive species has to occur for [Ti]
18



= 0.4 mol dm?® compared to 0.2 mol dfn This implies that the gel formation rate (through
subsequent hydrolysis and condensation reactions) is ratednrather than the flux or
diffusion of B&* ions. For [Ti] = 0.1 mol dm, below the water threshold of 2.46 vol%, the
amorphous network formation was impeded by the lower supplyabér. Although the
hydrolysis and condensation reactions are expected to ypeaysd in the presence of watér,
the diffusion of water molecules towards reactive Ti Esewas limiting the reaction rate. The
crystalline phase was formed after 40 min; exactly twiderag as for [Ti] = 0.2 mol dri. At

[Ti] < 0.1 mol dm?, the time of crystal formation was not linearly tethto the precursor
concentration. Hence, the crystallization reaction prasumably limited by the diffusion rate
of water molecules, and thus the competition betweearttephous titania network formation

and the solubilization of Baions.
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Table 1. Overview of the influence of precursor concentration, tegdcstoichiometry, and

added water on the crystallization time.

Ti Concentration [Ba]:[Ti] H20 h =[H2O]:[Ti] H20 Concentration Crystallization Time

[mol dn?] [] added [] [%] [min]
0.05 1 No 7 0.63 n.d.
0.075 1 No 7 0.94 120

0.1 1 No 7 1.25 40
0.2 1 No 7 2.46 20
0.1 1 Yes 14 2.46 22
0.4 1 No 7 4.80 20
0.2 2 No 14 4.80 10
0.2 0.5 No 3.5 1.25 >720
0.2 0.5 Yes 7 2.46 40
0.2 0.375  Yes 7 2.46 123

3.3.3 Influence Ba:Ti Stoichiometry ([Ti] = 0.2 mol din

An increased Ba:Ti ratio of 2:1 (4.80 vol%®t h = 14) had no significant effect on the final
crystallite size (Figure 5; black circle), but it reduceddtystallization time from 20 to 10 min
(red circle), respectively. Although an excess of Ba wasegnt, only an equimolar amount
participates in the BTO formation reaction. Sincewlaer concentration is sufficiently high,
the reduction in crystallization time was thus linked ®dkcrease of the diffusive path length

of B&" ions. In later stages of the reaction, the excesBaofesulted in the formation of
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secondary phases, such as BaCe more water lean conditions in reactions perforwidd
Ba:Ti = 0.5:1 (1.25 vol% kD; h = 3.5) led to a crystallization time >720 min (Table 1).
Although the water concentration was equal to that i&hsbmetric reaction performed at
[Ti] = 0.1 mol dm?, the crystallization was significantly slower. The stallization rate is
determined from a correlation between the water condeniydn, the precursor stoichiometry
and flux of water, the rate of gel formation, and sbéubility/flux of BaZ* ions, respectively.
To clarify this relationship, the water concentratiorréaction mixtures with [Ti] = 0.2 mol
dm®, two sub-stoichiometric Ba:Ti ratios, namely 0.5:1 (1.25 vbi¥@; h =3.5) and 0.375:1
(0.94 vol% HO; h = 2.6), was carefully adjusted to 2.46 vol% (i.e. the mate®unt normally
present for Ba:Ti = 1:1; h = 7). Effectively, both reactishsuld yield an equivalent amount
of BTO as performed under stoichiometric conditions usifif$ 0.1 and 0.075 mol dif
respectively. Our hypothesis was confirmed by the near-idér¢@etion rates that were found
for the water-adjusted reactions compared to the latetioms performed under stoichiometric
conditions (see Table 1). Thus, provided that sufficienemia supplied for hydrolysis and gel
formation, the crystallization times are determinedlpneinantly by the lower solubility, flux

of B&?* ions, and the longer diffusion length towards the Ti atom
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Figure 5. Influence of the overall volume percentage of water erctlgstallization time and

final mean crystallite size (determined by PSD from SAXfves). Varying precursor

21



concentrations ([Ti] = 0.05-0.2 mol dinare denoted by squares, whereas samples prepared
with a precursor stoichiometry Ba:Ti = 2:1 (h = 14; [Ti] = M@l dnt®) are denoted by circles.

Note: the crystallization time of [Ti] = 0.05 mol ¢hin (a) could not be determined.

3.4 Rate-limiting Regimes

To summarize the abovementioned results, the dependeoicighe investigated reactions
conditions on the rate-limiting regimes for crystainfation are presented kigure 6. Three
regimes were identified in which: (1) the gel formation ygaeea), (2) the flux water and
solubility and flux of B&" ions (blue area), and (3) a combination of both (red)ame the rate-
limiting factors. For reactions performed under stoichiomefpiecursor ratios, the
crystallization rate is determined by the amount of watet the rate at which it is released
from the barium hydroxide octahydrate. For [Ti] > 0.2 mol dm™ sufficient water is provided by
the Ba precursor to solubilize all Bdons, and crystal formation is limited by the dehydration
of the Ba precursor, and thus the rate of gel formaddiower concentrations, the distance
between water molecules to the reactive Ti atoms, andhbudiffusion of water, rather than
the formation of an amorphous network is rate-limitingr Feactions performed with non-
stoichiometric precursor ratios, the rate of crystailiais not only determined by the absolute
water concentration, but also by h. The hydrolysis andleasation reactions are severely
impeded at h < 7. In addition, variations in the Ba:Torahange the diffusion length of Ba

and thus also influence the rate at which crystals anecio.
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[Ti] [mol dm™]
[Ti] [mol dm™]

Ba:Ti [-]

Eq. [BTO] formed [mol dm™]

H,0 [vol%]

Figure 6. Overview of rate-limiting regimes for reactions performedder (a)-(b)
stoichiometric, and (c)-(d) non-stoichiometric precursanditions. The grey, blue, and red
areas represent the regimes in which the gel formaad® water concentration, and a
combination of both are the rate-limiting conditiorespectively. The black circles represent
reactions carried out without further adjustments. dpen and red circles indicate reactions
that were not carried out and reactions performed with @djusvater concentrations,

respectively.

4. Conclusions

In complex chemical syntheses, such as coprecipitaiantions, nucleation, growth, and
coarsening processes often occur concomitantly, wherbéyirtdividual processes are
frequently obscured. We have discerned successfully thet eff reaction conditions on the
nucleation, crystallization, and growth phenomena orociystalline BTO formation by
employing the scattering invariant. This form-free and madidpendent approach, obtained
from combined time-resolved small/wide-angle X-ray sciajeallowed us to discern the

nucleation, crystallization, and growth phenomena duringyththesis. The effect of precursor
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concentration, reactant stoichiometry, and temperatureth® amorphouss-crystalline
transformation was described in detail, and three ratéiflgnregimes were established.
Sufficiently high water concentrations during the reacgoabled a quick succession of the
nucleation, crystallization, and growth events. Hére rate of BTO nanocrystal formation was
only limited by the dehydration rate of the Ba precursod, #nus by the formation of an
amorphous gel network. Conversely, water lean conditicngdtesl in impeded gel formation
and only a gradual nucleation, growth, and crystallizatiocgs® was observed. For reaction
performed under non-stoichiometric precursor ratios, niyttbe total water concentration, but
also h determined the reaction rate. The latter sughdsiethe changes in the diffusion length
between B ions and the reactive Ti atoms affected the kinetiastly, since the scattering
invariant approach measures the total scattered inteasiydloes not require prior knowledge
of the reaction mechanism (i.e. model independent)arit e extended to other synthesis
methods and material’s systems. A better understanding of the effect of modified reaction
parameters on the synthesis of nanocrystals enable tp sdementary boundary conditions

for improved reaction control.

5. Material and M ethods

Chemicals and Materials. Titanium (IV) isopropoxide (TREy), 99.999%), barium
hydroxide octahydrate (Ba(OHBHO, 98.0%), and 2-propanol (99.5%) were purchased from
Sigma-Aldrich. Benzyl alcohol (99.0%) was acquired from Acvsll chemicals were used as-
received from the suppliers without any further purifeatiBoth titanium (IV) isopropoxide
and benzyl alcohol were stored and handled in a waterefireironment (<0.1 ppm29).
Formation of Crystalline Barium Titanate. Stoichiometric amounts[{iie= [Ba]) of barium
hydroxide octahydrate were added to 0.05-0.2 mol siofutions of titanium (V) isopropoxide

in benzyl alcohol. While stirring, the reaction mixtuvas heated to 78 °C at a rate of 5 °C min

1. At various time intervals, aliquots were taken from gwction vessel, thermally quenched
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to stop the reaction, and subsequently stored at -18 °Csarhples used for XRD analysis
were centrifuged using a Sigma 1-14 centrifuge at 14800 rpm for A5Tine supernatant
benzyl alcohol phase was removed, the precipitated Bisediwith 2-propanol, dried in air,
and subsequently measured with XRD. More information onsymhesis can be found
elsewheré®l The effect of various experimental conditions on thett®sis reaction was
investigated at 78 °C by changing the [TR€u] precursor concentrations (0.05, 0.075, 0.1,
and 0.2 mol dm), the Ba:Ti ratios (0.5:1, 1:1, and 2:1), and varying water co({tepO]/[Ti]

=h = 3.5, 7 and 14). To test the effect of temperature, Empsts at 0.2 mol dmhwere also
carried out at 45 and 150 °C. In addition, the effect of predtysis (i.e. water was added to
the Ti precursor solution prior to Ba(OH-3HO addition) with an equivalent of 14 molestH

per Ti was also investigated.

Time-resolved X-ray DiffractionThe synthesized samples were characterized with powder
XRD (Cu Ka irradiation) to confirm the formation of the crystalline BaTiO3 phase using an
X’Pert Powder Pro (PANalytical, Almelo, The Netherlands) with a 1D PlXcel detect@ar$

from 26 = 27-35° of the (110) peak were measured with step sizes of 0.0269arwper step.

The patterns were further analyzed using the X Pert Highscore Plus software package (version

3.0e).

Time-resolved Small Angle X-ray Scattering (SAXS). SAXS experiments werformed on
the Dutch-Belgian beam line (BM-26B) of the European 8swicon Radiation Facility
(ESRF) in Grenoble, Fran&& The X-ray beam energy (16 keV;= 0.0776 nm) was
positioned on the corner of a 2D Pilatus 1M detector to maxitinézeange of scattering angles.
Ag behenate was used to calibrate the absolute scatteringr \@@cange (nm) in our
experiments. The detector was placed at a distance of 1dmitlfe sample, which allowed us

to record the effective scattering vector magnitudesdrréinge of 0.16 < g < 6.96 frSamples
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were measured in sealed glass capillaries (g = 1.5 na®s glo. 50; Hilgenberg, Malsfeld,
Germany) at room temperature. The absolute scattered tgtnsall samples was calibrated
with distilled water?® The absolute scattered intensity was not determined fmriexents
performed at 45 and 150 °C, and the absolute values:fap)], (A)/V,, and(L) may deviate
slightly. The data were only used to demonstrate the'adx$érends. For all measurements, the

scattering of an empty capillary was subtracted aslegbaend signal.

Particle Size Distribution (PSD). Form-free particle size distimstiwere obtained from our
scattering curves using the Monte Carlo based software gmdkaSAS!*4 All scattering
curves were fitted in a range of 0.16 < g < 6.96'nisee Supplementary Informatidor

exemplary fits).

High-Resolution Transmission Electron Microscopy (HR-TE®mples were investigated by
high-resolution transmission electron microscopy (HR-TEKilips CM300ST-FEG) with an
acceleration voltage of 285 keV using a Gatan Ultrascan 1000 G@iera and further
analyzed using the ImageJ processing software package (vergi@q)>® Selected-area
electron diffraction (SAED) images were acquired with 5-#8mosure time (10 frames) from
typical areas of approximately 0.9x0.9 pm? and 0.2x0.2 pm? for [Ti] < 0.075 mol dm™ and [Ti]

> 0.1 mol dm™, respectively.
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Supporting Information
Supporting Information of SAED pattern, average data curvesinbéydroxide octahydrate
solubility, and exemplary scattering curve fits and etgd PSD is available from the Wiley

Online Library.
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Supporting I nfor mation

(220)| (111)
(121) (110)
(002) (001)

Figure S1. Selected-area electron diffraction (SAED) pattern aequivith 5 s exposure time
(10 frames) from an area of approximately 0.2 x 0.2 pn? (at 285 keV). Polycrystalline BTO

was formed at 78 °C using [Ti] = 0.2 mol dniThe corresponding crystal lattice planes are

presented.
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Figure S2. Example of derivation of the average curves for ByQitgesis performed at 45 °C

([Ti] = 0.2 mol dn?®) for (a) (A)/Vp; and (b) N(Ap)? (as displayed in Figure 4e of the main

manuscript).
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Figure S3. Solubility of the Ba(OHy 8HO precursor in water. Data points were taken from

Ref [S1]. The grey dashed lines correspond to the reactigretatures described in the main

text (excluding 100 and 150 °C) and their corresponding solubilityslimit
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corresponding particle size distributions for a synthperformed at 78 °C. Samples taken at
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