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ABSTRACT: The production of BaTi1-yZryO3 (0 ≤ y ≤ 1, BTZ) nanocrystals is known to be challenging due the low reactivity 
of zirconium precursors. Here we have successfully studied the zirconium impact on the BTZ particles formation in sub- 
and supercritical fluid conditions along the entire solid solution. In situ synchrotron wide angle X-ray scattering (WAXS) 
analyses were conducted in batch at 150°C and 400°C to follow in real time the BTZ crystallites synthesis. This revealed the 
complexity underneath the nucleation and growth mechanisms of ABO3 nanocrystals, especially going towards high zirco-
nium content (more than 50 atomic %). This type of substitution induces, among other things, microstrain within the 
structure. Moreover, for BaTi0.4Zr0.6O3 and BaTi0.2Zr0.8O3 cases, the experiments showed the apparition of two crystallite size 
populations. In the BaTi0.4Zr0.6O3 case, at 400°C, these two size populations merged in a single one after at least eight 
minutes but not in the BaTi0.2Zr0.8O3 one. The zirconium content being higher, the particles become more refractory, thus, 
the temperature is not high enough to enable their ripening. It is important to note that this behavior was not observed for 
particles produced at 400°C but in flow, with a residence time of only 50 s. There, the particles presented a single size 
population, close to the one obtained after eight minutes in batch. Meaning that, for batch syntheses, a longer time is 
required to achieve a similar product quality to the one obtained with a flow process. 

1. INTRODUCTION 

Perovskite oxide materials are largely used in passive 
electronic components, such as capacitors, actuators, res-
onators, etc. Consequently, these electroceramics, with en-
hanced ferro-piezoelectric properties, are a centerpiece of 
current electronic devices and still present major chal-
lenges. Indeed an improved control of the perovskite oxide 
nanoparticle syntheses, such as composition and micro-
structure, has to be tackled to fit into the current environ-
mental and integrated strategies.1–7 The remarkable ability 
to tune the properties of lead free materials belonging to 
the BaTi1-yZryO3 (with 0 ≤ y ≤ 1, BTZ) solid solution has fo-
cused great attention for both applied and fundamental re-
searches. These compounds are attractive candidates as 
tunable capacitors (low leakage current, high breakdown 
field strength) and exhibit promising potentialities as high 
strain materials.8–10 BTZ ceramics present versatile dielec-
tric behavior, changing from classical ferroelectric when y 
≤ 0.15, over a diffuse phase transition when 0.15 ≤ y ≤ 0.30 
to relaxor behavior when y ≥ 0.30 simply by adjustment of 
the Zr to Ti ratio.11–22 Such gradual cross-over from ferroe-
lectric to relaxor state is driven by the Zr concentration. 
Increasing Zr/Ti ratio induces polar disorder at the origin 
of the specific relaxor behavior. The corresponding merg-
ing of phase transitions leads to a high polarization flexi-
bility that is expected to contribute to the strain level. The 
zirconium content influences also the microstructure in 
terms of grain size, affecting thus the transitions tempera-

tures, the permittivity values and the domain configura-
tion.23 The structural phase diagram of the system BaTiO3 
- BaZrO3 (BT - BZ) system depends on the control of com-
position underlying thus the obvious key role of zirconium 
on chemical reactivity and homogeneity. In particular, in 
the high substitution regime, stiffest synthesis conditions 
are required and the reliability of the functional properties 
strongly depends on the control of the materials chemistry. 

So far, one of the most suitable ways of producing the 
complete solid solution is the solid state one. Nevertheless, 
due to the low Zr reactivity, very high synthesis tempera-
tures are required (1200 °C) and despite this, the powders 
can still exhibit a lack of homogeneity, especially in the Ba-
ZrO3–rich region.19–21 In an effort to improve the control of 
BTZ synthesis, we have recently reported the fast, scalable 
and reliable supercritical flow synthesis of well crystalized 
BTZ nanocrystals along the entire solid-solution range.24 
This synthesis method addresses the requirements of a ma-
jor challenge for size reduction and increased packing ten-
dency, allowing the development of a feasible large scale 
production of high quality nanocrystals with tunable stoi-
chiometry, using soft synthesis conditions. 25–35 We have 
also shown in our work that the as-obtained nanoparticles 
can be successfully densified using Spark Plasma Sintering 
(SPS).36 Dielectric characterization performed on high 
density nanostructured ceramics (grain size < 100nm) re-
vealed the so called “size effect” on the local structure co-
herence and consequently on the macroscopic dielectric 



 

properties.6,36–44 Another interesting finding of that partic-
ular study,36 was the establishment of a correlation be-
tween the composition and final size of the particles. In an 
effort to improve the control of the synthesis over the final 
grain size and, as a result the dielectric properties, addi-
tional research efforts must be focused on the understand-
ing of the formation and growth mechanisms governing 
the nanocrystal synthesis under supercritical fluid condi-
tions. Reaching such higher level of synthesis control is a 
key challenge to increase the potentiality of lead free ma-
terials in the field of electronics. 

To answer to this fundamental question we combined in 
situ with ex situ experiments while screening the entire 
BTZ solid solution. Indeed, the use of in situ measurements 
has already been proven to be a true asset in the under-
standing of barium titanate based nanomaterials for-
mation under hydro- and solvothermal condition. 45–49 
Here, in situ synchrotron wide angle X-ray scattering 
(WAXS) studies of nanocrystals formation in sub- and su-
percritical fluid batch conditions were performed for low 
(y = 0.15 and 0.30) and high (y = 0.60 and 0.80) zirconium 
content. The specific compositions y = 0.15 and 0.30 were 
chosen in order to investigate a potential effect of the ma-
terial property transition, from ferroelectric to relaxor, on 
the crystallite growth. The case of y = 0.6 and 0.8 are “ex-
treme” cases chosen to study the zirconium impact at high 
content. It is important to note that for technological is-
sues, it is not possible to mimic the flow synthesis for in 
situ measurements. In parallel, conventional ex situ X-ray 
powder diffraction (XRD), transmission electron micros-
copy (TEM), scanning transmission electron microscopy 
(STEM) analyses were conducted on powders produced in 
supercritical flow conditions to support the in situ obser-
vations. The supercritical fluid synthesis of BTZ nanocrys-
tals, was screened along a linear range of compositions, en-
suring a representative broad screening of the solid solu-
tion (y = 0 , 0.2, 0.4, 0.6, 0.8 and 1), the specific cases of y = 
0.15 and 0.30 were discussed in our previous study for ex 
situ.24 

2. MATERIALS AND METHODS 

2.1. Materials 

The precursor chemicals used were barium isopropox-
ide, zirconium isopropoxide, titanium isopropoxide and 
absolute ethanol. All chemicals were of 99.9% purity and 
used as received from Sigma Aldrich. 

2.2. Nanocrystal synthesis and characterization 

The BTZ syntheses were carried out using two different 
setups: 1) a flow synthesis apparatus with a potential of a 
large scale synthesis,50–58 and 2) a batch in situ setup mak-
ing it possible to follow in real time the formation of the 
material at the given synthesis conditions.59–65 

2.2.1 In situ experiments. The WAXS study was carried 
out at beamline i711 at MAXII, MAX-lab, Lund, Sweden.66 
The alkoxide precursors were first dissolved in ethanol for 
30 minutes and subsequently mixed with water to match 
an ethanol-water molar ratio of 0.29, as defined in previous 
studies,49,67–71 to form gels. These gels were prepared with 
precursors concentrations ranging from 0.04 up to 0.5 

mol.L-1. The respective precursor mixtures were subse-
quently injected into sapphire capillaries with an inner di-
ameter of 0.7 mm and outer diameter of 1.1 mm. The filled 
capillary was connected to a HPLC pump via Swagelok© 
fittings and graphite ferrules and pressurized to 23 MPa. 
Heating was applied with temperatures of either 150 or 
400°C to initiate the reaction by remotely switching a pre-
heated jet of hot air as described elsewhere.62 The reaction 
was followed by shining a 12.3 keV X-ray beam (λ ≈ 1 Å) on 
the capillary and the scattered radiation was continuously 
collected on a 2 dimensional CCD detector (Oxford). The 
time resolution of the experiments was 5 s and each syn-
thesis was followed for a period of 8 minutes. 

2.2.2. In situ data analysis. The two dimensional pow-
der X-ray scattering patterns were integrated into a one di-
mension pattern using Fit2D software.72 The parameters 
needed for proper integration, i.e., sample to detector dis-
tance, detector tilt, detector rotation and beam center, 
were obtained from calibration using a NIST SRM 660B 
LaB6 standard sample. Sequential Rietveld refinements 
were conducted using the Fullprof software suite.73 The 
data were fitted in the region of 10-41˚ 2θ using at least an 
8th order Chebychev polynomial for background model-
ling. The BaTiO3 sample was fitted using the tetragonal 
P4mm structure, while the data from samples with other 

compositions were fitted in the space group Pm3̅m due to 
the almost cubic nature of the BaTiO3 cell (unit cell param-
eters = 3.999 Å, 3.999 Å and 4.018 Å— according to ICSD 
card #67 520), the nanosize of the particles and the limited 
resolution of the used instrument. The nanosized dimen-
sions of the crystallites broadened the Bragg peaks, remov-
ing the minute peak splitting ((200) and (002)) occurring 
due to the tetragonal symmetry. The refined parameters 
include scale factor, unit cell parameters, Gaussian and Lo-
rentzian size broadening contributions (IG, X and Y), iso-
tropic atomic displacement parameters for titanium and 
zirconium and the instrumental zero point.73 The profile 
function used for fitting the patterns is the implemented 
Thompson – Cox – Hasting formulation of the pseudo-
Voigt function in the Fullprof software suite.74 The instru-
mental contribution to the peak profiles was accounted for 
implementing the instrumental resolution function ob-
tained from a refinement of the diffraction data collected 
form the NIST LaB6 sample. The profile widths (full width 
half max) corrected for the instrumental resolution were 
used to calculate the particle size based on the Scherrer 
equation (see ESI),75–77 and in some cases also to determine 
the isotropic microstrain contribution as defined by Stokes 
and Wilson and implemented in the Fullprof software 
suite.78 

2.3. Ex situ experiments 

The flow synthesis setup used in this study is described 
in greater details elsewhere.24,49 It consists of two injection 
lines which meet and their contents are mixed at the inlet 
of the synthesis reactor set at 400°C and 23 MPa. One line 
is kept at room temperature and 23 MPa to inject the eth-
anolic precursors solutions with a concentration of 3·10-2 
M. The second injection line is dedicated to feeding the re-
actor with preheated water at a temperature of 150°C and 



 

pressure of 23 MPa. By doing so the high heating rates 
needed for quickly achieving the set-point temperature of 
400°C are easily realizable. The synthesis reactor itself is a 
24 meters tubular reactor (1/8” inch in diameter) and the 
residence time of each reaction is estimated to be around 
50 seconds with an overall pressure set at 23 MPa. By doing 
so the high heating rates needed for quickly achieving the 
set-point temperature of 400°C are easily realizable. The 
synthesis reactor itself is a 24 meters tubular reactor (1/8” 
inch in diameter) and the residence time of each reaction 
is estimated to be around 50 seconds with an overall pres-
sure set at 23 MPa. Based on the paper by Bazaev et al. and 
an assumed ethanol/water ratio of 0.29, the critical point 
was estimated to be Tc= 305 ˚C and 13 ≤ Pc ≤ 17 MPa.79 Thus 
the reactions were conducted at supercritical fluid condi-
tions (T= 400°C and P= 23 MPa). 

X-ray diffraction (XRD) patterns were collected on a 
PANalytical Bragg-Brentano θ-2θ geometry diffractometer 
equipped with a secondary monochromator over an angu-
lar range of 2θ = 5-120° with a step of 0.02°. The Cu-Kα ra-
diation was generated at 45 kV and 40 mA (λ = 0.15418 nm). 

Elemental analysis was performed with an inductively 
coupled plasma (ICP) apparatus ICP-OES 720ES from Var-
ian. 

High-resolution transmission electron microscopy (HR-
TEM) and high resolution scanning electron microscopy 
(HR-STEM) images were collected on a TALOS F200A with 
a TWIN lens system, a field emission gun (FEG) type X-
FEG as electron source and a Ceta 16M Camera. A Super-X 
EDS Detector was used for spatially resolved elemental 
analysis, with a spatial resolution of approximately 2 nm, 
using the same TALOS microscope in STEM mode and the 
Bruker Esprit software. Exposure times of 7 minutes were 
used to create elemental distribution maps with satisfac-
tory counting statistics. This approach minimizes potential 
problems related to beam damage and specimen drift. 
STEM pictures were obtained using a High Angle Annular 
Dark Field detector (HAADF). 

3. RESULTS AND DISCUSSION 

In an effort to improve our understanding regarding the 
BTZ nanoparticles formation (see ESI Table T1 for ICP re-
sults) and especially their size variation according to the 
zirconium content as shown in Figure 1 and ESI Figure S1,24 
in situ synchrotron WAXS studies of the system were per-
formed. 

The possibility to track, in real time, the crystallite for-
mation. In the present study, BTZ compounds with com-
positions of y = 0, 0.15, 0.3, 0.6, 0.8 have been investigated. 
Note that the standard deviations of the refined sizes in all 
cases are on the order of the symbols used in the plots and 
are thus omitted for clarity. 

Figure 2a shows the crystallite size variation as a func-
tion of time for three compositions, in the range of 0 ≤ y ≤ 
0.3, synthesized at 400°C with a precursor concentration of 
0.2 M. The curves reveal that with increasing Zr content 
there is a decrease in absolute crystal size after 8 min, as 
well as a significant decrease in the amount of relative crys-
tal growth. Indeed, the crystallite size for y = 0.3 after 8 min 

of reaction is almost the same as after only 0.1 min of reac-
tion.. This effect appears in particular at the earliest stage 
of the synthesis which is heavily influenced by the zirco-
nium content. An increased Zr content limits the growth 
and favors the nucleation. This behavior is similar to the 
observed effect of increasing overall precursor concentra-
tion while retaining a constant composition of BaTiO3 (Fig-
ure 2b). Increasing the precursor concentration from 0.04 
to 0.5 mol.L-1 decreases the overall amount of particle 
growth and increases the growth kinetics. The trend may 
be rationalized on the basis of the nucleation and growth 
theory developed by LaMer and Dinegar.80,81 During nucle-
ation the amount of precursor available for nucleation and 
growth decreases. At a low starting concentration, e.g., 
0.04 M, the minimum concentration condition for nuclea-
tion is quickly no longer present and as a consequence the 
nucleation will stop and instead growth will occur. The 
growth process thus consumes the remaining precursor in 
solution by increasing the average crystallite size via vari-
ous growth mechanisms. For high precursor concentra-
tions nucleation plays a greater role and will occur on a 
timescale much faster than any simultaneous growth. The 
almost “burst nucleation” like behavior will bring about a 
depletion of the precursor left in solution for growth, 
which accordingly will only occur to a very limited degree. 
Consequently, as a function of increasing precursor con-
centration there is a decrease in absolute crystal size ob-
served after 8 min, e.g., as it is the case for the experiments 
performed for the BT system between 0.04 and 0.5 M 
shown here.. For the case of intermediate concentrations, 
e.g., 0.2 M an equilibrium between the two mechanisms is 
established and both nucleation and growth occur simul-
taneously followed by a complete halt of nucleation, albeit 
with continued growth. Comparing these observations and 
explanations with the trends observed in the case of vary-
ing Zr concentration, it may be proposed that the mini-
mum concentration for burst nucleation decreases with in-
creasing Zr content and nucleation is simply dominating at 
high Zr contents. This is supported when comparing the 
normalized crystallite size and scale factor variations with 
time (see ESI Figure S2). The variation of the normalized 
scale factor, which is proportional to the volume of coher-
ently scattering material, shows a similar evolution upon 
changing the Zr content. Thus, the evolution and overall 
proportion of crystallized material is the same in each 
three experiments. However, as already mentioned, with 
increasing Zr content, there is a decrease in absolute crys-
tal size, as well as a significant decrease in the amount of 
relative crystal growth. This is in agreement with the pro-
posed burst nucleation mechanism where a larger number 
of nuclei are quickly formed but do not grow due to lack of 
precursor available for growth. Moreover, with time, the 
normalized scale factor variation follows the normalized 
crystallite size in all cases. Therefore, the crystallites grow 
through precursor condensation and not ripening. If the 
growth was due to ripening, the overall quantity of crystal-
lized material and thus, the scale factor, would be constant, 
while the crystallites size simultaneously would increase. 
Indeed, the nucleation may very well be dependent on the 
presence of particular pre-nucleation structures which 



 

could be highly influenced by the Zr content in solution. In 
previous studies of oxide synthesis under hydro-and sol-
vothermal conditions it has been shown that various pre-
nucleation structures play a vital role in directing the nu-
cleation and growth.60,63 This directing influence is not 
only limited to the size evolution but also to the preferred 
formation of one crystalline polymorph over another. 

The in situ study conducted for the compounds with 
compositions y = 0.6 and 0.8 revealed an interesting behav-
ior during particle growth illustrated in Figure 3. The figure 
shows a number of XRD patterns collected after 10 s, 50 s, 
5 min and 8 min of reaction time superimposed on each 
other. The patterns are for the syntheses of BaTi0.4Zr0.6O3 
performed at 400 and 150oC, respectively (see ESI Figure S3 
for BaTi0.2Zr0.8O3 experiment). An overall shift of the Bragg 
peak positions towards higher scattering angles, i.e., 
smaller unit cells, with time is observed. This indicates a 
more dense structure and may be due to a decrease in 
structural defects or other similar effects that may help re-
lax the structure. At 400oC, a clear splitting, increasing 
with scattering angle, is observed for all peaks (Figure 3c) 
at the beginning of the synthesis (10 s). However, over time 
this splitting progressively weakens and finally disappears. 
In the case of a synthesis temperature of 150 ˚C (Figure 3d) 
the splitting does not disappear with prolonged synthesis 
time. 

Based on these observations we propose two possible 
scenarios as the cause of the observed peak splitting: i) at 
the beginning of the synthesis Ti / Zr inhomogeneity exists 
in the pre-nucleation structures and as a consequence, two 
groups of distinctly different nanoparticles initially form. 
One group of crystals is Ti-rich and the other Zr-rich. This 
arrangement would bring about two groups of crystallites 
with significantly differing lattice parameters and accord-
ingly produce a peak splitting in the XRD pattern. The dis-
appearance of the splitting in this case is explained by a 
temperature dependent homogenization of the overall el-
emental distribution in the particles. Another explanation 
is ii) that initially two groups of nanocrystals with the same 
composition but with distinctly different size distributions 
around two different mean values exist. The peak splitting 
in this case is assumed to be a consequence of changes in 
the lattice parameters due to size dependent changes in 
surface strain. With time, ripening causes a homogeniza-
tion of particles, producing particles with crystallite sizes 
grouped around one single mean value and lattice param-
eter. In both suggested cases, i.e., i) and ii), it is safe to say 
that at a temperature of 150 ˚C the energy does simply not 
suffice to ensure a complete homogenization or ripening, 
respectively. 

To investigate in greater details which of the two hy-
potheses might be the correct one ex situ XRD patterns of 
the supercritical flow synthesized samples were re-investi-
gated. Additional refinement parameters were included 
compared to the results presented in the previous publica-
tion on the results of the flow synthesis.24 The background 
was modeled using a Chebyshev polynomial function in-
stead of using a linear interpolation between data points. 

Moreover test refinements including two groups of crystal-
lites of differing sizes and unit cell parameters were con-
ducted, however, refinements based on this model did note 
improve the fits significantly. As an alternative an isotropic 
microstrain parameter, corresponding to 1/4 of the appar-
ent microstrain defined by Stokes and Wilson,78,82 was in-
troduced. Including this microstrain parameter improved 
the overall refinement quality; an effect highlighted in Ta-
ble 1, which lists all the RB-factors, RF-factors and χ2 values 
(these values show how well the refined model fits with the 
experimental PXRD data). In particular the fits in the Zr 
rich region of the BTZ solid solution (0.4 ≤ y ≤ 0.8) were 
improved significantly (see ESI Table T2). 

The magnitude of the refined microstrain changes sig-
nificantly upon variation in Zr composition. Figure 4 pre-
sents the microstrain variation as function of zirconium 
content. When y = 0 or 1, the microstrain remains low, 
which is not surprising since the refinement quality pre-
sented in Table 1 did not change much. However, increas-
ing the Zr content from y = 0.2 up to y = 0.8 drastically im-
pacted the microstrain value which first increased then de-
creased upon further addition of Zr to go back almost to 
zero when y =1. The trend can be understood from a struc-
tural point of view. The zirconium (IV) cationic radius is 
bigger than the titanium (IV) radius (rZr = 0.86 Å and rTi = 
0.75 Å), accordingly increasing the zirconium amount will 
increase the average unit cell parameter.83 The microstrain 
being intimately related to the distribution of unit cell pa-
rameters present in each crystallite, a broad distribution of 
possible unit cell parameters will lead to a large degree of 
microstrain.84 The non-zero microstrain of the BaTiO3 and 
the 0.2 doped sample may be reflecting the presence of a 
mixture of cubic and tetragonal BaTiO3 phase, a phenom-
enon previously reported to be present in nanosized sam-
ples of this compound.28,29,36,37,39,41,85 This also serves to ex-
plain why there is a larger microstrain for the pure BaTiO3 
sample than for the pure BaZrO3 sample, since in the latter 
no core shell structure is known to form. It is also interest-
ing to note that this microstrain appears to be the highest 
for a composition range where the material presents a pie-
zoelectric behavior. 

With the data at hand it is not possible to choose one 
hypothesis over the other to explain the peaks splitting: i) 
Ti / Zr inhomogeneities or ii) two size populations. How-
ever, the ex situ XRD data and STEM-EDX analysis of the 
flow synthesized powders does not suggest the presences 
of stoichiometric inhomogeneities for any of the investi-
gated samples as Figure 5 illustrates it with the 
BaTi0.8Zr0.2O3 case. That is why, in the following, we have 
chosen to describe the observed trends within the frame-
work of hypothesis ii), i.e., the splitting is caused by groups 
of crystallites with different sizes, same average composi-
tion and different unit cell parameters caused by size re-
lated effects and furthermore to include an isotropic mi-
crostrain contribution. This being said the interpretation 
provided may easily be altered somewhat to incorporate 
compositional differences between the two groups. In Fig-
ure 6 Rietveld refinement fits of in situ XRD patterns col-
lected at different points in time during the BaTi0.4Zr0.6O3 



 

synthesis performed at 400oC are presented. There, Ycalc 
is the intensity of the PXRD calculated and Yobs: intensity 
of the measured PXRD. The figure highlights how the in-
corporation of another BTZ phase enables the possibility of 
a proper fit during the entire course of synthesis. At the 
earlier stage of synthesis (10 s) the Bragg positions of the 
two phases are distinctly different. With time this differ-
ence decreases continuously (50 s and 5 min) and after 8 
minutes the difference is minute. The XRD pattern ob-
tained after 8 minutes of synthesis can similarly be fitted 
satisfactorily by including an isotropic microstrain contri-
bution but only one BTZ phase (Figure 7), resembling to 
the results obtained from the ex situ synthesis (see ESI Fig-
ure S4)  

In Figure 8 the extracted crystallite sizes for both 
“groups”: the BTZ phases with the same stoichiometry but 
differing sizes and unit cell parameters, of BaTi0.4Zr0.6O3 
and BaTi0.2Zr0.8O3 produced at 150°C and 400oC, respec-
tively are plotted as a function of time. In the case of 
BaTi0.4Zr0.6O3 at 400oC (Figure 8a), the so called “group 2” 
has a constant crystallite size of around 19 - 20 nm which 
is reached almost immediately upon heating. The other 
one (group 1) presents a two-stage formation and growth 
mechanism; assuming the nucleation and growth can be 
described by classical models. During the first two minutes 
the growth curve of group 1 follows a curve commonly ob-
served for conventional sol–gel-like nucleation and growth 
mechanisms. After approximately 2 min ripening starts to 
be the dominating factor (Figure 8a) and accordingly 
brings about the single group of particles observed at the 
final stage of synthesis. The same synthesis was carried out 
at a lower temperature, i .e, 150oC (Figure 8b). Similarly two 
distinct groups of particles are observed. The particles in 
the group 2, with larger sizes, have a constant average crys-
tallite size of around 16- 17 nm. The particles of group 1 start 
out small (11 – 12 nm) and initially follows a similar nuclea-
tion and growth behavior to the one observed in the case 
of group 1 shown in Figure 8a. However, in this case 
(150°C), the secondary growth due to ripening does not oc-
cur and even after 8 min two distinctly different groups of 
particles exist. Assuming the classical growth models are 
valid the simple explanation for this difference is the lack 
of energy available for ripening of the group of sub 20 nm 
nanocrystals. 

Support of the suggested explanation is provided by 
plotting the normalized scale factor alongside the normal-
ized crystallite size as function of time for the group 1 crys-
tallites of BaTi0.4Zr0.6O3 synthesis at 400oC (Figure 9). The 
scale factor quickly reaches a more or less constant value, 
however, at the same time the crystallite size continuously 
increases. Since the scale factor is proportional to the vol-
ume of coherently scattering material this behavior indi-
cates that no additional crystalline material is formed 
while the particles are growing, i.e., Ostwald ripening oc-
curs. The crystallite sizes of the two respective groups for 
the composition BaTi0.2Zr0.8O3 are shown in Figure 8c and 
d for 400 ˚C and 150 ˚C, respectively. Similar behavior, as 
observed for the case of BaTi0.4Zr0.6O3, is initially observed. 
At 400oC (Figure 8c) one group with a constant crystallite 

size around 19 - 20 nm exists together with a second group 
having a smaller crystallite size. Until around two minutes 
the growth of the second group may be described as fol-
lowing a nucleation and growth type behavior. The growth 
and subsequent ripening is, however, not as pronounced as 
it was the case for the BaTi0.4Zr0.6O3. One possible explana-
tion for this difference may be related to the Zr content. An 
increase in Zr content in the precursor mixture leads to a 
lower critical concentration for nucleation to occur due to 
changes in solubility and a consequence supersaturation. 
An effect of these combined changes is that burst nuclea-
tion of nanocrystals with smaller sizes (ca. 16 nm) happens 
initially; depleting the amount of precursor left for addi-
tional nucleation and growth. Subsequent ripening only 
occurs to a very limited degree. It thus appears that Zr not 
only lowers the nucleation barrier but, furthermore, hin-
ders ripening. 

One explanation may be that the Zr cation reactivity is 
lower than the Ti cation,86 the temperature of 400OC is 
simply insufficient for significant ripening to occur. At 
150OC even less ripening occurs due to a combination of 
high Zr content and low temperatures, nevertheless, the 
temperature is sufficient for burst nucleation to occur. This 
low temperature process produces two groups of particles 
with almost constant sizes of 18 nm and 9.5 nm, respec-
tively. The significant differences between the results from 
the ex situ and in situ studies, e.g., the lack of any bi modal 
size distribution in the ex situ data, may be explained by 
significant differences in the synthesis procedures. In par-
ticular the hydrolysis step occurs over different time-scales 
for the in situ and flow syntheses respectively. In the flow 
synthesis the precursors are mixed in a flow type manner 
at elevated temperatures, i.e., the mixing occurs within a 
few seconds and above room temperature (water line pre-
heated at 150 ˚C). In stark contrast hereto the precursors 
are mixed several minutes ahead of the heating in the in 
situ study and the mixing occurs at ambient conditions. As 
a consequence great differences in size, composition and 
structure of any initially formed pre-nucleation clusters 
may exist. The presence of pre-nucleation clusters also may 
serve to explain the large size of the initial crystallites 
formed, as has previously been shown to happen in other 
oxide systems during solvothermal conditions.60,63,87 

CONCLUSION  

In this work we show the complexity underlying the 
ABO3 nanocrystals formation and growth mechanisms in 
sub- and supercritical fluid conditions. This, especially 
when using precursors containing low reactivity elements 
such as Zr. Indeed, it is the Zr content which directly im-
pacts the nanocrystals growth especially in the Zr rich do-
main of the BTZ solid solution. There, a microstrain con-
tribution has to be incorporated to obtain the optimal 
model for an accurate description of the observed PXRD 
data. 

Moreover, combining in situ WAXS analyses of BTZ 
batch syntheses with ex situ characterizations of BTZ pow-
ders produced in flow highlighted two different trends; i) 
at low Zr content (< 50%), both setups enable the produc-



 

tion of similar products in terms of crystallite size regard-
ing synthesis duration. However, ii) when producing BTZ 
with high Zr content, the batch process will yield two par-
ticle size distributions which can ultimately merge through 
ripening after several minutes (> 8 minutes) if the temper-
ature is high enough regarding the Zr/Ti ratio. On the con-
trary, for the flow syntheses, even if the residence time in 
the reactor is only around 50 s, a single size population is 
observed, similar to the one obtained after 8 minutes in 
batch. 

To conclude, the supercritical flow process appears to be 
an excellent method for achieving a pristine product with 
a monodisperse size distribution within a timeframe of less 
than a minute regardless to the Zr content while a batch 
type process, e.g., the method used for in situ synthesis, re-
quires at least 8 minutes of heating to achieve a similar 
product quality. In the latter case, pre-nucleation clusters 
appearing during the cold mixing of the precursors might 
be responsible for this difference. Thus, to understand the 
full story behind BTZ nanocrystals growth it is necessary to 
combine in situ total X-ray scattering experiments with 
pair distribution function analysis. This ongoing study will 
provide more details on the atomic arrangement in the 
amorphous precursor mixture used as well as unravel the 
presence of any possible intermediate amorphous phases 
or growth units. 
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Figure 1. Variation of the BTZ mean nanocrystals size, together with their size distributions, determined from HR-
TEM pictures with more than 150 nanocrystals for each composition (see Supporting Information Figure S1 and 

study by Philippot et al.(24)). 

 

 

Figure 2. In situ synchrotron WAXS study of the BTZ system (a) variation of the crystallite size as a function of time 
for BaTiO3, BaTi0.85Zr0.15O3, and BaTi0.7Zr0.3O3 and (b) variation of the BaTiO3 crystallite size as a function of time for 

three different precursor concentrations. 
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Figure 3. Variation of the WAXS patterns (λ ≈ 0.99361 Å) during the synthesis of BaTi0.4Zr0.6O3 crystallites at differ-
ent synthesis temperatures: (a) 400 °C with a zoom around 39° (c) and (b) 150 °C with a zoom around 39° (d). 
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Figure 4. Variation the microstrain parameter with the BTZ composition along the entire solid solution. 

 

 

Figure 5. STEM-EDX analysis of the flow synthesized BaTi0.8Zr0.2O3 powder in supercritical conditions (400 °C) con-
firming a homogeneous distribution of the elements across the particles. 
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Figure 6. Rietveld refinements fits of the in situ XRD data collected for the BaTi0.4Zr0.6O3 system at a synthesis tem-
perature of 400 °C. 
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Figure 7. Refinement of the last WAXS pattern corresponding to the BaTi0.4Zr0.6O3 synthesis (after 8 min) with only 
one group of crystallites but including microstrain. 
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Figure 8. In situ study of the crystallite growth in the case of Zr rich phases: (a) BaTi0.4Zr0.6O3 produced at 400 °C, 
(b) BaTi0.4Zr0.6O3 produced at 150 °C, (c) BaTi0.2Zr0.8O3 produced at 400 °C, and (d) BaTi0.2Zr0.8O3 produced at 150 °C 
exhibiting two crystallite size populations tending to merge with time only at high temperature (400 °C) and lower 

Zr content. 
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Figure 9. Variation of the normalized scale factor and nanocrystals size according to time for the group 1 of the 
BaTi0.4Zr0.6O3 synthesis at 400 °C. 

 

 

 


