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Stabilization of tetragonal zirconia nanocrystallites using an original supercritical-based synthesis route
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ABSTRACT: To understand the importance of the particle size on the stabilization of metastable tetragonal ZrO,, ultra-fine ZrO,
nanocrystals were synthesized via: (i) the precipitation method in supercritical water using nitrate precursors, (ii) the sol-gel method
in a supercritical ethanol-water mixture and (iii) the borderline non-hydrolytic sol-gel route in supercritical ethanol using propoxide
precursors. The obtained nanocrystals displayed a variation of the monoclinic versus tetragonal molar fractions from 100 wt. % down
to ~ 10 wt. % of monoclinic phase. This variation was concomitant with an overall size decrease of the nanocrystals, ranging from 7
to 2 nm depending on the synthesis procedures. Phase contents were quantified by refinement analysis of X-ray scattering datasets,
and crosschecked with Raman spectroscopy. Our results suggest that an upper limit of ~ 90 wt. %, of tetragonal ZrO, phase is possible,
even for ultra-fine nanoparticles (2 nm). These findings thus question the existence of any critical size limit below which stabilization

of pure t-ZrO; is attainable at low temperatures.

Introduction:

Zirconium dioxide (ZrO,) has been of major industrial and sci-
entific interest over the past decades for its wide range of appli-
cations, in particular thanks to its catalytic properties *. Regard-
less the multiple synthesis routes employed such as: precipita-
tion of metal salts 2; atomic layer deposition 3; ball-milling *;
chemical vapor deposition °; radio frequency sputtering ¢; etc.,
undoped bulk ZrO is stabilized in the monoclinic structure (m-
ZrO,) at ambient temperature and atmospheric pressure. There,
the small cationic size of Zr*" covalently bonds to oxygen ani-
ons in a sevenfold coordination environment. However, im-
proved catalytic properties are observed in tetragonal zirconia
(t-ZrO,) where Zr** is coordinated with eight oxygen anions. To
stabilize this allotrope under mild temperature and pressure
conditions, it generally necessitates the use of iso- or aliovalent
zirconium substitution of larger cationic radii "®. For example,
many works showed stabilized t-ZrO, through Y**, Ga®*, Gd**,
Fe®* substitution ®. There, three main stabilization mecha-
nisms are proposed: (i) the generation of structural defects such
as lattice oxygen ion vacancies (L.O.1.V.) inducing structural
variations in ZrO, formation by changing zirconium coordina-
tion, from seven to eight-fold, (ii) the relieve of the internal
strain associated with the dilatation of the network due to the
substitution of Zr** with an oversized cation favoring the eight-
fold oxygen coordination and (iii) the combination of both
mechanisms at the nanoscale 2,

It is also possible to stabilize t-ZrO, without cationic substitu-
tion. To do so, three main effects are identified in the literature:
(i) the presence of oxygen vacancies, (ii) the existence of struc-
tural similarities and (iii) the size effect.

(i) The influence of hydroxyl defects was highlighted
with hydrothermal syntheses by adjusting the appropriate pH
1814 While low pH conditions (pH < 3) generally enable stabi-
lization of m-ZrO,, high pH conditions (pH > 9) favor the for-
mation and stabilization of t-ZrO,. The stabilization mechanism
of m-ZrO, at low pH is believed to be due to the presence of

Zr(OH)?* clusters prior to nucleation, whereas at higher pH
conditions, the increasing presence of Zr(OH)s clusters allows
the entrapment of hydroxyl groups inside the structure, thus
triggering the nucleation and favoring the growth of t-ZrO, 1415,

(if) The existence of structural similarities was observed
in the case of sol-gel syntheses using in situ X- ray scattering
and Raman spectroscopy during crystallization of the gel 16-%°,
This clearly revealed the existence of similarities (e.g., bond
lengths) between the amorphous phase and the intermediate
metastable t-ZrO, crystalline structure. Also, increasing anneal-
ing temperatures revealed that the stabilized metastable t-ZrO,
structure was only an intermediate to the thermodynamically
stable m-ZrO,, as t-ZrO; inevitably transformed to m-ZrO, at =
600°C, far below the thermodynamic limit (=<1205°C).

(iii) The concept of a size effect in the stabilization of t-
ZrO, was first demonstrated in 1964 2°. Subsequently, numer-
ous works have focused on identifying the threshold size for
stabilizing t-ZrO, without dopants. Depending on the studies,
sizes ranging from 2 to 30 nm 22 were found to be “critical”
to stabilize t-ZrO, %.

In 2005 many works were reviewed in a multimodel study fo-
cusing not only on the role of size effect, but also considering
the influence of oxygen vacancies and structural similarities in
the stabilization process for the whole 2 to 30 nm size range %.
These same concepts have also recently been transposed to the
stabilization of metastable c-ZrO; in ultrafine nanoparticles ex-
hibiting sizes smaller than 2 nm . However, the absence of a
consensus regarding stabilization mechanisms in ultrafine t-
ZrO, nanoparticles has led to propose that stabilization is sys-
tem dependent.

Table 1 lists non-exhaustively the pros and cons of different
syntheses routes generally used to synthesize ZrO; nanoparti-
cles.



Table 1. Pros and cons of different syntheses routes for the formation of ZrO2 nanoparticles regarding the process duration,
the existence or not of post synthesis steps and the quality of the produced powders in terms of average particle size (A.P.S.)

and homogeneity.

Processes Duration Post synthesis step(s) AP.S. (nm) Homogeneity Ref
Dry
Solid state Long Milling, annealing 7-17 Low ol
Deposition Long Drying, annealing 4-40 Medium %.2,%
Wet
Hydrothermal Moderate Drying 8-30 High 143t
Sol gel Long Drying, annealing 7-500 High 82,33,17, 16, 34,35,
N.H.S.G. Long None 2-4 Very high 86,24,37,
Supercritical fluids Short None 5-50 Very high 3,9

It appears that both non-hydrolytic sol-gel (N.H.S.G.) reactions
and the supercritical fluids technology offer the possibility to
synthesize ultra-fine ZrO, nanoparticles exhibiting very high
size homogeneity and no post-synthesis step to finalize nano-
particle crystallization. However, though N.H.S.G. reactions al-
low the formation of almost pure t-ZrO, nanoparticles with fine
control over size and size distribution 1244°, the synthesis pro-
cedure is nevertheless long and generally requires the use of
hazardous organic  solvents such as oleylamine,
trioctylphosphine oxide (TOPQ) 2% etc. In comparison the su-
percritical fluid technology which has been intensely developed
over the past decades to circumvent the problem of environmen-
tal considerations and use of hazardous reactants appears to be
an attractive alternative. In a supercritical approach, the solvent
properties such as solvation ability, specific diffusivity, density
and viscosity are modified, enabling nanoparticle crystalliza-
tion in very short synthesis times with an excellent control over
structure, morphology, size, and size distribution #*-5, The tech-
nique has been used to synthesize ultrafine ZrO, nanoparticles
in both supercritical water and hydro-alcoholic mixtures. In
these cases, the solvent choice is crucial; it is reported that the
use of water lead to the synthesis of monoclinic nanoparticles
46-49 "while using hydro-alcoholic mixtures, the produces parti-

cles exhibiting a mixture of monoclinic and tetragonal phases
38,46,50,51

Based on this observation, the current work reported here stud-
ies the influence of water quantity in the media to synthesize t-
ZrO, nanoparticles. Specifically, we examine for the first time
the synthesis of ZrO, nanocrystals in supercritical fluids using
borderline non-hydrolytic sol-gel (B.N.H.S.G.) conditions. The
term borderline is used to nuance from N.H.S.G. reactions when
small amounts of water molecules are generated in situ from
solvent decomposition to trigger hydrolysis/condensation reac-
tions with metal precursors and the formation of oxo bridges
prior to crystallization %5258, Playing on the experimental pa-
rameters we are able to fine tune the quantity of water generated
in situ from the dehydration reaction of alcohols. In this context
we chose zirconium propoxide precursors using ethanol (pc =
6.27MPa, Tc = 241.56°C) as solvent, because the amount of
water that can be generated upon pressure and temperature con-
ditions has been quantified and reported in the literature .
Rapid crystallization of ZrO, was realized in a short reaction
time (tr = 30s) during simple single-step syntheses without re-

quiring further annealing to obtain the final nanoparticles. Ex-
periments were performed in supercritical water, in water etha-
nol 50 / 50 wt. % mixture *% and in absolute ethanol with the
aim to clarify the role of water in the formation of t-ZrO, nano-
particles. The size effect and more precisely the existence of a
critical size below which only t-ZrO, is produced was also in-
vestigated by exploring the additional parameters of precursor
concentration and the use of a surfactant. Indeed, the precursor
concentration was investigated to optimize supersaturation con-
ditions during the synthesis, with the goal of reducing the nano-
particle size. The influence of a carboxylic acid surfactant (hex-
anoic acid) was also studied to quench the nanoparticle growth.
Following synthesis, the resulting powders were characterized
by multiple probes (detailed below) in order to evaluate the ef-
fectiveness of varying conditions, and to compare the resulting
crystalline polymorph types, fractions, and domain sizes at both
local and long-range average length scales.

Materials and method:
Materials:

Zirconium(1V) oxynitrate hydrate (Sigma-Aldrich, > 99%), Zir-
conium(IV) propoxide solution, 70 wt. % in 1-propanol (Sigma-
Aldrich), hexanoic acid (Sigma-Aldrich, > 99%), absolute eth-
anol (Sharlau, > 99.9%) and de-ionized water were used as re-
ceived.

Apparatus and procedure:

ZrO, nanoparticles were synthesized using a continuous flow
reactor designed to study how the water media content and pre-
cursor solution concentration influence the final structures. The
influence of surfactants on the final crystallite structures and
particle sizes was also evaluated. Zirconium(IV) propoxide so-
lutions were prepared inside a glovebox under continuous argon
flow to prevent zirconium precursors from reacting with air
moisture. The solutions were then placed under magnetic stir-
ring and argon flow during the syntheses to prevent contamina-
tion of the precursors. Nitrate precursors, which are not sensi-
tive to air moisture were slowly dissolved in de-ionized water
by moderate stirring under standard air atmosphere.



As presented in Figure I, JASCO PU-2080 PLUS high-pressure
pumps (HPP) were used to feed the reactor with the precursor
solutions in the main injection line. Preheated water or ethanol
could also be injected using the secondary line to play on the
amount of water in the reactor. The hotzone reactor consisted
of a coiled 5 m long 1/8”” SS-316 stainless steel tubing with an
inner diameter of 1.58 mm, for a total volume Vg = 8 cm?, in-
serted inside a heating clamp to control the desired reaction
temperature (400 + 2°C). Thermal quenching of nanoparticle
growth was realized by flowing the nanoparticle suspension
through an ice-cooled 1/8°> SS-316 stainless steel tubing down-
stream the reactor prior recover the powder and solvent at the
outlet. The reactor was held at a constant pressure of 25 MPa
using a TESCOM® pressure-regulator valve (PRV).

Synthesis of Zirconium dioxide nanoparticles:

To evaluate the impact of water on the obtained structural mix-
tures, the following syntheses were realized: ZrO,-01 was syn-
thesized from nitrate precursors in supercritical water. The sec-
ond injection line was added to the reactor for the synthesis of
Zr0,-02 and ZrO»-03 powders where either preheated water or
ethanol were mixed to the zirconium propoxide precursor solu-
tion a few cm only from the reactor entrance to allow conden-
sation of precursors prior to crystallization. The secondary line
used to inject the desired volume of preheated water or ethanol
was held at 25 MPa and 225 °C, while the temperature at the
mixing point was maintained at 150 °C. Note that the main in-
jection line was not preheated to avoid side reactions. ZrO,-02
was synthesized from zirconium propoxide precursor in a su-
percritical 50/50 water/ethanol weight ratio mixture using the
two injection lines; and ZrO,-03 with the propoxide precursor
in a supercritical mixture of ethanol and preheated ethanol using
the two injection lines where water was generated in situ in the
secondary line and in the main reactor after mixing. All three
syntheses were performed with a precursor concentration [Zr*']
=102 mol/L. ZrO,-04 was synthesized with the same zirconium
propoxide precursor concentration but only using the main in-
jection line, thus reducing further the quantity of water gener-
ated in situ. Similarly, ZrO,-05, 06, 07 and 08 were all synthe-
sized from zirconium propoxide precursors in supercritical eth-
anol using only one injection line, varying the precursor con-
centration (ZrO,-04 to ZrO,-06) or adding hexanoic acid (HA)
as surfactant (ZrO,-07 and ZrO»-08).

To follow the influence of Zr** concentration, syntheses of
Zr0,-04 (102 mol/L), ZrO,-05 (3.3 102 mol/L), and ZrO,-06

102 M precursor

(6.6 102 mol/L) were conducted in the same experimental con-
ditions (25 MPa, 400 °C, 30 s). Finally, the influence of surfac-
tant addition was observed by varying [Zr**]:[HA] molar ratios
on Zr0,-05 (1:0), Zr0,-07 (1:6) and Zr0O,-08 (1:12) with [Zr*]
= 3.33 102 mol/L. The residence time (tg) for each synthesis
was fixed to 30 s determined with Equation 1,

Vg * Papum

Qv = ¢y

tr * PHp,RT)

where Vg is the reactor total volume, pp, 1ty and pep, rr) are the
solvent densities at high pressure, high temperature and high
pressure, room temperature, respectively. Qv is the total flow
rate through the reactor. Values for the solvent densities for both
conditions were obtained from the REFPROP software pack-
age®’. All synthesis conditions are displayed in Table 2 along
with the results obtained from each ex situ characterization tech-
nique. Average crystallite sizes (A.C.S.) and lattice constants
were determined from Rietveld refinements of powder X-ray
diffraction (PXRD) data, Average particle sizes (A.P.S.) were
determined from transmission electron microscopy (TEM),
while PXRD and Raman spectroscopy probed polymorph phase
proportions.

Characterization techniques:

Powder X-ray diffraction (PXRD) patterns were collected at
room temperature on a PANalitycal X’pert PRO MPD diffrac-
tometer with the Bragg-Brentano 6-6 geometry and over an an-
gular range of 20 < 20 < 70° with a step size of 0.0167°. The
diffractometer was equipped with a secondary graphite mono-
chromator and the Cu K,; = 1.5418 A radiation was generated
at 45 kV and 40 mA. A multichannel X’Celerator detector was
used to collect the XRD patterns. Powders were ground and
sieved prior to measurements using a 40 um sieve. Data were
analyzed by Rietveld structural model refinements using the
FullProf software package %. The Thompson—Cox—Hasting for-
mulation of the pseudo-Voigt function was used to fit the Bragg
reflection profiles. In addition, the total reflection broadening
was corrected for the instrumental contribution doing a reflec-
tion shape analysis of the diffraction pattern measured on a
NIST LaB6 sample. The following parameters were refined; the
background with the Chebyshev function, the scale, the lattice
parameters, the Gaussian and Lorentzian contributions to the
pick broadening and the z positon of the sample (see ESI for
refinement patterns). Moreover, when the contribution from the
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Figure I: Continuous flow reactor used in this study for the synthesis of ZrO, nanoparticles. Nitrate or alkoxide zirconium precursors are

dissolved in water or ethanol, respectively, in the precursor solution.



monoclinic phase was too low, the lattice parameters were fixed
to the last refined values.

Room temperature Raman spectra were collected using an
XploRA HORIBA Scientific Raman spectrometer with Aexc =
532 nm in a backscattering geometry and equipped with an An-
dor CCD detector. Data were collected with a resolution of 4
cm* over the 110-1700 cm* domain and were further integrated
using the Labspec software.

Fourier transform infra-red (FTIR) spectroscopy was performed
to determine the surface functionalization of the synthesized
samples on a Brucker equinox 55 spectrophotometer. 32 scans
was realized for each sample in the 400 and 4000 cm* spectral
absorption domain using a global radiation source and the spec-
tral resolution was 4 cm™. The nanoparticles were ground and
dispersed into a KBr matrix prior to measurements.

Particle size and morphology of the ZrO, powders were ob-
served using both a TEM-JEOL 2100 (200 keV) and a HRTEM-
FEG JEOL 2200FS (200 keV). Digital Micrograph software
was used to process the acquired images. Samples were dis-
persed in ethanol and deposited on copper-carbon grids for anal-
ysis.

Extended X-ray absorption fine structure (EXAFS) measure-
ments were performed on ZrO,-05 at the Zr K edge (17.998
keV) at the BM30B — FAME beamline at the European syn-
chrotron radiation source (ESRF) in Grenoble.*® The beam size
was 100x300 um? (FWHM) and the energy range was set be-
tween 17.8 keV and 19 keV. Measurements were performed in
transmission mode to collect both incident and transmitted pho-
tons. Data were fitted using Demeter 0.9.26 software 5 after fit-
ting the EXAFS of a zirconium metal foil to calibrate the Eo on
the absorption edge (reference). The amplitude reduction factor
(52) was set to 0.77 after fitting data from zirconium metal foil.
FEFF®© program was used to simulate multiple scattering cal-
culations of X-ray Absorption Fine Structure of undoped tetrag-
onal ZrO, nanocrystals (ICSD file #92091) and used as starting
point for the structural refinement. The refined parameters
where: the number of oxygen atoms (Nogy and Nogn) in the first
and second shells; the number of zirconium atoms (Nz) in the
third shell; the energy shift (AE); the adjustment of the half
path length (Rzroq), Rzr-oaiy and Rzi.z); and the relative mean
square displacement related to the half path length (c?). The na-
noparticles were ground and dispersed into a boron nitride ma-
trix and pressed into pellets (5 mm in diameter and 2mm thick)
prior to measurements.

Table 2. Experimental conditions and characterization results for all samples in the present study.

Zr02-01 Zr0,-02 Zr02-03 Zr0;-04 Zr0,-05 Zr02-06 Zr0,-07 Zr02-08
Injection lines 1 2 2 1 1 1 1 1
H2O/ Ethanol /
Solvent H.O Ethanol Ethanol Ethanol Ethanol Ethanol Ethanol Ethanol
Water mol. % 100 71 1.9 0.8 <08 <0.8 <0.8 <0.8
p(MPa) 25 25 25 25 25 25 25 25
T (°C) 400 400 400 400 400 400 400 400
Flow rate 8 41325 | 3.25/3.25 6.5 6.5 6.5 6.5 6.5
(mL/mint)
[Zr*] (mol/L) 10?2 10?2 1072 1072 3.3102 6.6 1072 3.3102 3.3102
[Zr+*]:[HA] - - - - - - 1:6 1:12
m-ZrOz wt. % 100 70+5 40+4 29+4 11+3 12+3 15+3 16+3
Raman
m-ZrO, wt. % 100 60 +1 36+1 19+1 17+1 13+1 14+1 17+1
Rietveld
m-Zr0z A.C.S. 42+01 52+0.1 50+0.1 40+0.1 40+0.1 35+0.1 3.0+0.1 2.6+0.1
(nm) Rietveld
t-Zr02 A.C.S. ; 47401 | 55+01 | 39+01 | 37+01 | 28+01 | 24+01 | 2401
(nm) Rietveld
AP.S.(nm)TEM | 66+12 6.0+ 0.9 5.0+ 1.0 43+0.6 3.7+05 3.9+06 3.8+ 0.4 32+05
m-ZrO; a=5.158(1) | a=5.154(1) | a=5.165(1) | a=5.165(1) | a=5.165(1) | a=5.165(1) | a=5.165(1) | a=5.165(1)
lattice b=5.201(1) | b=5.204(1) | b=5.193(2) | b=5.193(2) | b=5.193(2) | b=5.193(2) | b=5.193(2) | b=5.193(2)
parameters (A) €=5.313(1) | ¢=5.322(1) | c=5.344(2) | c=5.344(2) | c=5.344(2) | c=5.344(2) | c=5.344(2) | c=5.344(2)
tlazttrlgez ) a=3.602(1) | a=3.601(1) | a=3.605(1) | a=3.603(1) | a=3.621(1) | a=3.643(1) | a=3.646(1)
varameters (A) c=5.174(2) | ¢=5.182(1) | c=5.156(2) | c=5.134(3) | c=5.083(2) | c=5.046(2) | c=5.034(2)
R-factor 343 m: 3.43 m: 4.44 m: 8.95 m: 5.34 m: 6.05 m: 4.67 m: 4.57
: t: 2.56 t: 4.85 t:8.16 t: 2.44 t: 4.32 t: 3.44 t:3.93
Chi2 1.52 1.31 1.39 1.72 1.46 1.42 1.25 1.38

Refined fits of the Raman spectra are displayed in the supplementary information in Figure S1




Pair distribution function (PDF) analysis was performed after
collecting high energy (76.7 keV) total X-ray scattering inten-
sities of ZrO,-02, 05 and 06 powders at room temperature inside
1.0 mm diameter glass capillaries loaded with ZrO, powders at
the XPDF (i15-1) beamline (Diamond synchrotron, UK) using
the rapid-access program. Differential correlation function D(r)
datasets were obtained from the 2D scattering data with the
DAWN and GudrunX software packages and fitting of the real-
space D(r) data were performed with the TOPAS v6 software
package using a dQ_damping() macro term of 0.075 .. Phase
fractions and lattice parameters for m- and t-ZrO2 allotropes
and spherical crystallite domain diameter sizes were refined.

Results and discussion:

PXRD patterns of ZrO, powders recovered after continuous
flow synthesis are plotted in Figure 1l over the 20 < 26 < 70°
range and compared with the expected hkl reflection positions
and relative intensities for m- and t-ZrO, polymorphs (from the
ICSD database collection codes 82543 and 92091, respec-
tively). The weight fraction (%) and A.C.S (nm) of m- and t-
ZrO, obtained from Rietveld refinements of ZrO, powder
PXRD data are listed in Table 2. The PXRD reflections for sam-
ple ZrO,-01 show a clear visual agreement with expected m-
ZrO, Bragg reflections - as evidenced by intense reflections at
20 values of = 24.2°, 28.3°, and 31.5°, (011)m, (11-1)m, and
(111)n, reflections, respectively. However samples ZrO,-02 to
Zr0,-05 show a clear indication of drastically increasing t-ZrO,
phase content evidenced by the single (101); reflection located
at 20 =~ 33.3°, Bragg reflections for the m-ZrO, phase are barely
visible in the PXRD data from samples ZrO,-05 to ZrO,-08.

Based on Rietveld analysis of PXRD data for the samples with
equivalent precursor concentrations, the refined weight percent-
age of m-ZrO, decreases with a reduction in water molar frac-
tion, from 100% down to 60%, 36 and 19% for the samples

Zr0,-01, 02, 03 and 04, respectively. The refined m-ZrO,
weight fraction is then relatively constant (average =15 wt. %)
for samples ZrO,-05, -06, -07, and -08 despite varying precur-
sor and surfactant (HA) concentrations. The A.C.S. obtained af-
ter Rietveld refinements show that m-ZrO, A.C.S. is a bit
smaller for ZrO»-01 (4.2 nm) in comparison with ZrO,-02 and
Zr0»-03 where the A.C.S. is around 5 nm. Such difference can
be explained by the difference of chemistry (precursor nature)
between the first synthesis and the others. The overall trend re-
garding the tetragonal phase shows an A.C.S. constant decrease
from =5 nm (ZrO,-02 and ZrO,-03) down to 2.4 nm (ZrO,-07
and ZrO»-08). And is illustrate with the (101); reflection broad-
ening, visible for samples ZrO,-03 to 08, together with the
(102); reflection shift that generally accompanies decreases in
particle size due to the bond distance distortion, related to the
increase in L.O.1.V. %, Indeed, the a and b lattice parameters of
the tetragonal phase are initially constant for ZrO,-02 to ZrO,-
05 with a value around 3.603 A and then progressively increase
up to 3.646 A for ZrO,-08. The lattice parameters ¢ is
progressively decreasing from ~5.180 A (Zr0,-02 and Zr0»-03)
down to 5.034 A (Zr0,-07 and Zr0»-08). This illustrate a pro-
gressive transition towards a more cubic phase which is the one
stable at even high temperature than the tetragonal one in the
bulk. The lattice parameters of the monoclinic phase are slightly
changing for ZrO,-01 to ZrO,-03 but where fixed for the other
fits. Indeed, the quantity of the monoclinic phase decreasing, it
was more and more difficult to have a converging refinement.

Fourier transform infra-red spectroscopy (FTIR) measurements
were performed to evaluate the effectiveness of surface func-
tionalization with HA over the synthesized ZrO, nanoparticles
(Zr0O2-07 and ZrO»-08). Figure 111 shows the FTIR spectra for
Zr0,-05, 07 and 08 containing 1:0, 1:6 and 1:12 [Zr*]:[HA]
molar ratios, respectively. In the 2800-3000 cm™* region, CH,
and CHjs stretching vibrations are clearly visible for the func-
tionalized samples (ZrO,-07 and 08, Figure Ill b and c) while
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Figure II: X-ray diffraction patterns of ZrO, powders in the 20 to 70° 26 range, emphasizing the change in structure depending
on the amount of water available for the synthesis (ZrO,-01 to 04), the precursor concentration (ZrO,-05 and 06), and the use
of surfactants (ZrO,-07 and 08). m- and t-ZrO; structures are represented and indexed above and below the XRD patterns,

respectively.
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Figure I11: FTIR spectra for a) ZrO,-05 powder without sur-
factant, b) ZrO,-07 with a 1:6 molar ratio of [Zr**]:[HA] and
¢) ZrO,-08 containing a 1:12 [Zr*]:[HA] molar ratio, con-
firming the surfactant grafting.

they are hardly visible for the non-functionalized sample (ZrO,-
05, Figure I11 a). In the 1450- 1560 cm region, the difference
A between the antisymmetric (vas-coo) and symmetric (Vs-coo)
vibrations of the carboxylate groups (-COO), 1555 and 1455
cm, respectively is the signature of a chelating bidentate type
interaction between the carboxylate function and metal oxide
surface 2. The presence of -CO stretching vibrations is also ev-
idenced at the surface of functionalized samples at 1105 and
1085 cm™* which are also the signature of the HA grafting at the
surface of ZrO,. Also, FTIR absorption spectra reveal no sig-
nificant intensity changes in the vibrational frequencies related
to the adsorbed species when the amount of hexanoic acid is
increased from 1:6 to 1:12 inside the precursor solution. The
main difference is visible on the vibration band at 1085 cm™,
typical of alkoxide bonding, that disappears for ZrO,-08. This
may be related to the fact that surface coverage by carboxylate
species increases further, through chelating bidentate type in-
teractions % as the amount of hexanoic acid is increased be-
tween samples ZrO,-07 and ZrO,-08.

Raman spectroscopy was used for further structural characteri-
zation of ZrO, powders as it is a reliable technique for precise
characterization of both local crystal structure and local disor-
der. Figure IV shows the Raman spectra of ZrO, powders, with
the same color code as for XRD patterns in Figure Il. Frequen-
cies for the observed Raman active modes used as a basis for

assignment of the peaks were found in the following literature
23,64,65

Raman shifts located at 148, 270, 309, 463 and 638 cm™ are
active modes of t-ZrO; (labelled as T), while those located at
179, 191, 222, 333, 345, 381, 476, 502, 537, 557 and 613 cm*
are active modes of m-ZrO, (labelled as M). Integrated areas
underneath the peaks at 148 (T), 270 (T), 179 (M) and 191 cm’
1 (M) were used to quantify, for each ZrO, powder, m- and t-
ZrO, molar fractions using Equations 2 and 3 °°:

I (148 cm™Y)+1; (270 cm™1)

Xy = 2
t I (148 em™ V)41, (270 cm™ YD)+ I, (179 em™Y)+1, (191 cm™1) ( )

Xm = 1-X, 3)

where I, and |; refer to the integrated areas, at given wave-
numbers, of m- and t-ZrO, active modes, respectively and X,
and X; being m- and t-ZrO, molar fractions contained inside
each powder. Note that this method is estimated to be quantita-
tively accurate around 5%, moreover, the measurements being
local, they were performed at three different locations of the
samples and averaged. The obtained weight fractions are listed
in Table 2.

As expected, Raman spectrum of ZrO, synthesized in super-
critical water using nitrate precursors (ZrO,-01) exhibits purely
the monoclinic structure 4%’ To understand the importance of
water on the reactional pathway during ZrO, synthesis, ZrO,-
02 and 03 were synthesized with decreasing amounts of water
available for hydrolysis and condensation of the zirconium
propoxide precursor (see Table 2) prior to entering the reactor
with a 50/50 wt. % of a water/ethanol mixture and preheated
ethanol, respectively resulting in decreasing m-ZrO, wt. % as
listed in Table 2. ZrO,-04, synthesized with the same precursor
concentration resulted in even lower m-ZrO, wt. % as water was
produced inside the reactor, unlike for ZrO,-02 and 03. Such m-
and t-ZrO, structural mixtures were already observed in a su-
percritical isopropyl alcohol and water mixture, where water
was added to assure complete precursor condensation %,

While all ZrO, powders, except ZrO,-01, reveal the presence
m- and t-ZrO, Raman active modes, they are nevertheless char-
acterized by different weight on structure intensity contribu-
tions. For ZrO,-02 to ZrO,-05, t-ZrO;, active modes at 148 and
270 cmtincrease in intensity relatively to m-ZrO, modes at 179
and 191 cm*. Also, in the 300-400 cm™* domain, all three m-
ZrO, active mode intensities dramatically decrease while the te-
tragonal mode at 309 cm™ increases and broadens. It is im-
portant to note the presence of a slight signal at 309 cm™ in
ZrO,-01 (labelled as t in Figure 1), probably corresponding to
traces of t-ZrO; in the synthesized powder. The same trend is
observed in the 476-620 cm™* domain, and specially for ZrO,-
05 where both modes at 537 and 557 cm™ have disappeared. On
the other hand, for these samples, all five t-ZrO, Raman mode
intensities increase in the order from ZrO,-02 to ZrO,-05, with
no exception. However, concerning ZrO,-06, 07 and 08, the ma-
jor differences are visible on the t-ZrO, modes at 148 and 270
cm? and m-ZrO, modes at 179 and 191 cm, where a slight
increase in m-ZrO; relatively to t-ZrO, modes are observed.
These intensity variations reveal slight structure proportions
variations in the powders. Proportions obtained from Equation
2 give = 70, 40, 29 and 11 wt. % m-ZrO, for ZrO,-02, 03, 04
and 05, respectively and = 12, 15 and 16 wt. % m-ZrO, for
Zr0,-06, 07 and 08, respectively.

Despite slight discrepancies in quantification of m-ZrO, phase
fraction between the PXRD and Raman techniques, the exact
same trend is observed for both probes, revealing unequivocally
the presence of a mixture of both structures. For the PXRD
analysis of t-ZrO; rich samples, quantification of m-ZrO, phase
content might be considered limited by instrumental signal-to-
noise statistics and intrinsic sample peak broadening. However
Raman spectroscopy certainly has the ability to clearly discern
each structure present in our ultra-fine synthesized nanoparti-
cles. The decreasing proportion of m-ZrO, is, first of all, be-
lieved to be due to the decreasing amounts of water available
dictated by the experimental conditions used. Indeed, water
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Figure IV: Raman spectra of ZrO; powders collected at room temperature in the 110-700 cm™ domain. Raman spectra were
separated for clarity purposes: on the left hand side, those displaying a [Zr**] = 102 mol/L, (ZrO,-01 to ZrO»-04) and decreasing
m-ZrO; content; while those on the right hand side with stabilized m-ZrO, content (ZrO,-05 to ZrO,-08). The monoclinic (M)
and tetragonal (T) domains are separated by red dashed-lines and t- and m-ZrO, Raman modes used for the quantification of

each phase are represented by * and # symbols, respectively.

mol. % inside the reactor are 100 mol. %, 71 mol. %, 1.9 mol.
% and 0.8 mol. % for ZrO,-01, 02, 03 and-04, respectively.
Contribution from ethanol dehydration was calculated from
works realized on by-products formed in organic solvents and
quantified under solvothermal conditions 3% But also, the vary-
ing m-ZrO, wt. % can be explained by the initial prepolymeri-
zation of nuclei with local structures close to m-ZrO,, in mild
hydrothermal conditions at the mixing point at 150°C, thus fa-
cilitating ZrO; polyhedra packing ® when two injection lines
are used.

The decrease in m-ZrO; fraction observed between ZrO,-04, 05
and 06, is believed to be influenced by the increase in precursor
concentration with [Zr**] = 102, 3.3 102 and 6.6 10 mol/L,
respectively and optimization of supersaturation conditions to
form stabilized ultrafine ZrO, nanoparticles. However, the dif-
ference in m-ZrO, content between ZrO,-05 (11 wt. % m-ZrO,)
and 06 (12 wt. % m-ZrO,) is insignificant, showing that the op-
timal supersaturation conditions were met with [Zr*"] = 3.3 10°
2 mol/L.

For the third set of experiments based on the addition of surfac-
tants to the precursor solution, visual inspection of PXRD pat-
terns do not seem to reveal peak signatures of m-ZrO, due to
the large decrease in intensity of the (11-1)n reflection and the
large broadening of the (011); plane related to the decrease in
the t-ZrO, A.C.S. (= 2 — 3 nm). But Rietveld refinements real-
ized on these samples show that non-negligible amounts of m-
ZrO, are nevertheless present in the final powders. This result
is confirmed by the good quantitate agreement in m- and t-ZrO-
proportions obtained from both Rietveld PXRD refinements
and Raman spectroscopy analysis which also seems to reveal
that increasing hexanoic acid contents in the precursor solution

leads to a slight increase in m-ZrO, content in the final powders.
The addition of hexanoic acid slightly reduces both the t-ZrO,
A.C.S. from = 3 nm down to = 2 nm as well as the m-ZrO,
A.C.S. from ~ 3.5 nm down to = 2.5 nm for a [Zr**]:[HA] molar
ratio equal to 1:6. Further increase in HA does not seem to mod-
ify anymore the t-ZrO, A.C.S. however, as t-ZrO, A.C.S. for
Zr0»-08 is also = 2 nm.

Transmission electron microscope (TEM) and high-resolution
transmission electron microscope (HRTEM) images of ZrO.
powders are shown in Figure V. Particle sizes were averaged
over at least 70 particles for all samples to improve statistics on
the mean particle size and standard deviation. ZrO, nanoparti-
cles are quasi-spherical in shape, and their particle sizes ob-
tained from microscopy observations are listed in Table 2
alongside A.C.S. values obtained by Rietveld refinements. Be-
sides the case of ZrO,-01 where a significant difference is ob-
served with an A.C.S. of 4.2 nm and an A.P.S of 6.6 nm indi-
cating that the particles are not to fully crystallized (linked to
the difference in precursors), a good agreement is observed for
the other samples confirming the size observations made by
PXRD analysis. The selected area electron diffraction (SAED)
images realized over a large number of ZrO2 nanoparticles
show a high degree of crystallinity with an increasing quantity
of the t-ZrO; phase from: ZrO,-02 (Figure V j) to ZrO,-07 (Fig-
ure V. m). Also, AP.S. observed by TEM, HRTEM and
Rietveld refinements are very similar, and it can be seen (Table
2) that t-ZrO, nanoparticles are smaller than their m-ZrO, coun-
terparts, which is actually the case for every sample composed
of a mixture of m- and t-ZrO,.

These first results show that, while the precursor concentration
is increased, m-ZrO, A.C.S. decreases from =~ 4 nm down to 3.5
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Figure VI: Visualization in t- and m-ZrO, structure proportions variation in cyan and magenta, respectively, for each of the 8
powders synthesized in this study. The size variation of both t- and m-ZrO; diffracting domain (A.C.S.) are represented in squares

Figure V: a, TEM image of ZrO,-01. b, c, d, e, f, g and h are HRTEM images of ZrO»-02, 03, 04, 05, 06, 07 and 08, respectively. i
plot the particle size distribution for each sample, determined using a normal distribution function over the particle counts. j, k, |
and m are diffraction images of ZrO,-02, 04, 05 and 07, respectively. t- and m-ZrO; diffracting planes are labelled on the left- and

right-hand side of the diffracting images, respectively.

nm and t-ZrO, A.C.S. decreases from = 4 down to = 2.8 nm.
However, changes in concentrations do not significantly change
the m- and t-ZrO;, proportions inside the powders. Changing the
concentration, while decreasing t-ZrO, size does not signifi-
cantly seem to favor its formation in anyway in our experi-
mental conditions, as can be seen on both Rietveld and Raman
results (Table 2). Figure VI illustrates the correlation between
structural proportion variations and nanoparticle A.C.S. be-
tween each synthesized powder in this study. In the first row of
Figure VI (ZrO,-01 to 04) and more clearly on the histograms,
we see a link between the size reduction and increase in t-ZrO,
content inside the powder mixtures. However, in the second row
(Zr0O,-05 to 08) the trend is not revealed. As in the first row, all

A.C.S. are greater than but approaching the smallest critical size
limit (= 3 nm) reported in literature, so the increase in t-ZrO,
content can be explained by the critical size theory. On the other
hand, in the second row, despite the fact that all A.C.S. values
(for both t- and m-ZrO,) are at or even below this lowest critical
limit of 3 nm (t-ZrO,), the phase fraction of m-ZrO, stagnates
at = 10-15 wt. %. Therefore, as the t-ZrO, A.C.S. tend to de-
crease from ZrO,-05 to Zr0,-08, Figure VI clearly emphasizes
the fact that t-ZrO, formation is favored as the nanocrystals size
decreases down to an equilibrium limit of = 85-90 wt. % of t-
ZrO,. However, reducing the size even down to ~ 2 nm does not
further increase the relative wt. % of t-ZrO,. These results show
the limit of the size effect theory on the synthesis of pure t-ZrO,
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nanoparticles especially because we can stabilize m-ZrO, with
A.C.S. smaller than 3 nm in the case of ZrO,-08. Figure VI also
emphasizes that in our synthesis conditions, and probably in a
general manner, t- and m-ZrO; nuclei are formed concomi-
tantly, however, in situ studies focused specifically on ZrO, nu-
cleation would be necessary to validate the hypothesis.

PDF analysis of selected samples provides additional details on
crystallite domain size and phase fractions. Differential corre-
lation functions D(r) obtained from PDF measurements per-
formed on powders ZrO,-02, 05 and 06 are displayed in Figure
VIlinthe 1.5-50 A range. Table 3 lists a summary of parameters
refined against the D(r) functions, including m-ZrO, wt. %, t-
and m-ZrO- cell volumes, and average crystallite domain size,
for the samples ZrO,-02, 05 and 06.

Table 3: Structural characteristics obtained from D(r) re-
finements

Zr02-02 | ZrO2-05 | Zr0O2-06

m-ZrOz wt. % 68.8(2) 26.9(3) 33.6(4)

t-ZrO, Cell Vol/z (A3) 33.6(1) 33.5(1) 33.4(1)

m-ZrO; Cell Vol/Z (A3) 35.3(1) 35.4(1) 35.4(1)

Domain size (nm) 6.3+£0.1 | 5501 | 4.2+0.1
Rwe (%) 12.4 11.6 10.9

The D(r) data, refined model and difference curves displayed in
Figure VII show that the observed ZrO, nanoparticles synthe-
sized are highly ordered at a local scale and can be well de-
scribed by a mixture of m-ZrO, and t-ZrO; structural models.
Information obtained from D(r) refinements show that crystal-
lite domain sizes are = 6.3, 5.5 and 4.2 nm for Zr0,-02, 05 and
06, respectively, which is very close to values obtained from
Rietveld PXRD refinements (5, 3.9 and 3.1 nm, respectively).
Also, from PDF analysis, m-ZrO, wt. % obtained from the re-
finements are =~ 68, 27 and 34 for ZrO,-02, 05 and 06, respec-
tively. For ZrO,-02, this is in good agreement with Rietveld re-
finement (60 wt. %) and Raman quantification (70 wt. %). For
Zr0,-05 the results start to diverge, with Rietveld refinement
we obtained 17 wt. % and with Raman quantification 11 wt. %.
This is even more pronounced for ZrO,-04 where Rietveld re-
finement gave 19 wt. % and Raman quantification 29 wt. %.
Nevertheless, we have to keep in mind that, the Bragg reflection
intensity of the monoclinic phase is much lower than the higher
symmetry tetragonal phase, and thus, especially for low m-ZrO,
phase fractions with small domain sizes, it is difficult to obtain
a precise quantification by lab-based PXRD measurements in
comparison with the superior signal-to noise and real space res-
olution of the synchrotron based PDF data. Similarly, the values
obtained from the Raman quantification based on a lab scale
apparatus can only give trends. On top of this there is still this
crystal phase distortion at the surface of the particle resulting
from the strain generated at this scale, and differences in probe
sample depth sensitivity which should be considered. In conclu-
sion, considering differences in the sensitivity and length scales
probed (e.g. local vs long range ordering), we can conclude that
the results are consistent, especially regarding the high degree
of crystallinity of the particles since sizes from PXRD and PDF
are similar. For the phase ratios, we can clearly see that reducing

the amount of water during the synthesis (sample ZrO,-02 vs.
samples ZrO,-05 and ZrO,-06) will clearly reduce the amount
of monoclinic phase. The highest percentage of t-ZrO; in the
series of samples was observed for ZrO,-05, based on both
Rietveld refinements (17 wt. %) and Raman spectroscopy (11
wt. %). This was also confirmed with diffraction images col-
lected on ZrO-05 showing the lowest dispersion around t-ZrO,
Bragg reflections as shown in Figure VII (l), thus implying
lower amounts of m-ZrO; in the powder. EXAFS measurements
were performed on ZrO,-05 with the objective, by probing the
first Zr-O and Zr-Zr coordination shells around zirconium, to
confirm the stabilization of a majority tetragonal-like phase.
The fits were done for radial distances from R=1.5A to R=4.5A
and for k values from 3.8 to 14.6 (Figure VIII). Considering the
Zr-0 diffuse shell, the starting model present an arrangement of
8 backscattering O atoms around a central Zr absorbing atom. 4
0 atoms (Nog)) were distant of 2.00 A (Rz-o)) and the other 4
(Nogn) distant of 2.40 A (Rz-omy). The Zr-Zr diffuse shell was
fitted using a single shell model of 12 Zr atoms (Nz) around a
central Zr atom, with all 12 Zr atoms distant of 3.56 A (Rz-z).
Values obtained after the refinement are detailed in Table 4.

Table 4. List of the EXAFS fitting results for ZrO-05. For
the interatomic distance refinements, the first subscript re-
fers to the absorbing element (Zr) while the second sub-
script refers to the backscattering element which can be ei-
ther Zr, Oqy or Oqiy atoms.

Independent points 30
Number of variables 22
Aeo (V) 0.0026 + 1.1625
No( 59+1.1
Noqy 27106
Nzr 9614
R zr-o) (A) 2.11+0.07
R zr-om) (A) 2.30£0.07
R zrzr (A) 3.64 +£0.09
6% (A?) 0.0050 + 0.0014
oz (A?) 0.0086 + 0.0009
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Figure VII: Differential correlation functions D(r) obtained
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The Fourier transform clearly shows well resolved peaks at = 2
and 3.7 A attributable to Zr-O and Zr-Zr nearest neighbor bond
distances, respectively. The refined number of O atoms in the
first and second coordination shells (Nogy + Noqr) is = 8.6. Tak-
ing into account an uncertainty larger than 1, this result is con-
sistent with the expected value of 8 for a tetragonal structure,
and can be considered as reasonable. Moreover, the decrease in
surface metal-metal coordination number comparatively to core
metal-metal coordination number can be explained by the con-
finement of the crystallite surface creating different local envi-
ronments between surface and core metal atoms
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Figure VIII. a) Zr K-edge normalized EXAFS spectra of ZrO--
05 powder, and b) the corresponding Fourier transform (black
lines) corrected with the phase shift of the first coordination
shell; its associated best fit (red line).

This phenomenon leads therefore to an overestimation of the
No coordination number. Thus, the number of O nearest neigh-
bors and their associated uncertainties do not allow us to distin-
guish between the monoclinic and tetragonal structures, dis-
playing 7 and 8 O atoms per unit cell, respectively. Also, the
refined Zr-O distances Rz-oq) and Rzr.ouy Were 2.11 + 0.07 A
and 2.30 = 0.07 A, respectively. This is in quite good agreement
with the distances estimated from the PDF data where the dz.-
oqy Was estimated at 2.07 + 0.01 A and the dz-oqi) 2.38 + 0.01
A keeping in mind that the PDF data includes overlapping atom
pair information making it less reliable than X-ray absorption
spectroscopy. These values, though close to that of the model,
are hardly distinguishable from those of the monoclinic struc-
ture, displaying 5 Zr-O distances ranging from 2.03 A up to 2.26
A When looking at the Zr-Zr shell, a refined number of Zr at-
oms Nz of 9.6 + 1.4 is obtained, which is slightly lower than 12
expected for a pure tetragonal structure but too high for a mon-
oclinic structure where a value of Nz = 6 is expected. However,
the refined Zr-Zr distance Rz.z = 3.64 £ 0.09 A is very close to
the single Zr-Zr bond distance of the tetragonal model (3.56 A)
that was used to perform FEFF calculation and fit the experi-
mental data, while for a monoclinic structure two shorter Zr-Zr
bond distances are generally observed at 3.34 A and 3.46 A. For
information, the distances estimated from the PDF data were
divided into two contributions the dzrz«y and dzrz:qy with val-
ues of 3.60 0. 01 A and 3.63 £ 0.01 A, which is in good agree-
ment with EXAFS. Therefore, the obtained fitting results tend
to indicate the existence of an intermediate structure which is
not clearly tetragonal, neither monoclinic 27", In addition, for
very small nanoparticles, the proportion of surface atoms over
core ones increases dramatically, in our case, for a 2 nm spher-
ical particle, since the Zr-Zr distance is 3.64 A, there are ap-
proximately only five Zr atoms across the particle diameter,
meaning two at the surface and three in the core. Knowing that
surface Zr atoms are generally not fully coordinated, this also
supports our observation of an intermediate structure, especially
regarding the local environment of Zr atoms and its coordina-
tion to O atoms.

Conclusion:
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The present work has demonstrated the phase fraction of m-and
t-ZrO, structural polymorphs can be tuned by varying the
amounts of water present during syntheses under supercritical
conditions. When ZrO, was synthesized in pure supercritical
water, the final nanoparticles exhibited purely the monoclinic
structure. However, when the absolute amounts of water were
decreased, the percentage of m-ZrO, decreased relatively to t-
Zr0O- in the final powders. The sudden change in structure pro-
portions and stagnation to the minimum observed between
Zr0,-04 and 05 was attributed first of all to the pre-polymeriza-
tion of nuclei with local structures close to m-ZrO; at the mixing
point (150°C), thus facilitating ZrO; polyhedra packing for
powders 01 to 03, and secondly to the surface strain with the
particle due to the size effect inducing distortion in the structure.

The lowest amounts of water achieved in our synthesis condi-
tions were generated in situ from supercritical ethanol dehydra-
tion and led to m- and t-ZrO, nanoparticles with similar A.C.S.
of 3.5 and 2.8 nm, respectively and to ~ 13 wt. % m-ZrO; in the
final powders for a precursor concentration of 6.6 10 mol/L.
Also, the use of hexanoic acid as surface modifiers helped to
reduce both t-ZrO, A.C.S. down to 2.4 nm and size distribution,
while maintaining a high degree of crystallinity as revealed by
HRTEM diffraction images. However, hexanoic acid did not
seem to favor t-ZrO, formation in terms of molar fractions, but
did however in terms of number of t-ZrO, nanoparticles formed
which was evidenced in this work and truly interesting in the
comprehension of ZrO, nanoparticle formation, thus clearly
emphasizing the simultaneous nucleation of both structures ra-
ther than selection of a reactional pathway by decreasing the
nanoparticle size. Also, Fourier transform of Zr K edge EXAFS
for the sample containing one of the highest percentage of t-
ZrO, based on Raman (ZrO,-05) revealed a tetragonal structure
with slightly reduced metal-metal correlations relatively to
metal-oxygen correlations, which is representative of nano-
materials containing significant levels of lattice disorder.

While it is possible that some critical size for the stabilization
of tetragonal zirconia exists below 2 nm, sensitive high energy
X-ray instruments and careful analysis would like be required
to confirm. However, our results presented here suggest instead
that reaction pathways and the resulting ZrO, polymorph stabi-
lization depends strongly on structural nucleation, L.O.1.V. con-
centrations, reaction kinetics and critically, in supercritical con-
ditions, on water releasing rates. Therefore, though the particle
size remains an important factor in achieving metastable t-ZrO,
nanoparticles, its stabilization may not result solely from geo-
metric size factor.

Overall, the combination of these analyses confirmed that the
control of reaction Kinetics through in situ water generation
greatly helped to favor t-ZrO, formation, even if traces of m-
ZrO, were still observed in the final powders.
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