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® Water Formation in Non-Hydrolytic Sol-Gel Routes: Selective

Synthesis of Tetragonal and Monoclinic Mesoporous Zirconia as a

Case Study

= Yanhui Wang, Maroua Bouchneb, Rimeh Mighri, Johan G. Alauzun, and P. Hubert Mutin*®

/Abstract: Several non-hydrolytic sol-gel syntheses involving
different precursors, oxygen donors, and conditions have
been screened aiming to selectively produce mesoporous t-
ZrO, or m-ZrO, with significant specific surface areas. The in
situ water formation was systematically investigated by Karl
Fisher titration of the syneresis liquids. XRD and nitrogen
physisorption were employed to characterize the structure
and texture of the ZrO, samples. Significant amounts of
water were found in several cases, notably in the reactions
of Zr(OnPr), with ketones (acetone, 2-pentanone, acetophe-
none), and of ZrCl, with alcohols (benzyl alcohol, ethanol) or
acetone. Conversely, the reactions of Zr(OnPr), with acetic

anhydride or benzyl alcohol at moderate temperature
(200°C) and of ZrCl, with diisopropyl ether appear strictly
non-hydrolytic. Although reaction time and reaction temper-
ature were also important parameters, the presence of water
played a crucial role on the structure of the final zirconia: t-
ZrO, is favored in strictly non-hydrolytic routes, while m-ZrO,
is favored in the presence of significant amounts of water.
'H and ">C NMR analysis of the syneresis liquids allowed us
to identify the main reactions responsible for the formation
of water and of the oxide network. The morphology of the
most interesting ZrO, samples was further investigated by
electron microscopy (SEM, TEM). )

Introduction

Mesoporous oxides are of primary importance in the areas of
heterogeneous catalysis, adsorption, separation or energy.
Non-hydrolytic sol-gel (NHSG) or non-aqueous sol-gel pro-
vides simple, cost-effective routes for the synthesis of non-or-
dered mesoporous metal oxides or mixed oxides, avoiding the
use of reactivity modifiers, templates or supercritical drying.?
NHSG is performed in non-aqueous medium and the oxygen
of the oxide network is not provided by added water but by
organic compounds (e.g. ethers, alcohols, ketones, etc.).l"*”
Importantly, NHSG involves organic reaction pathways, and the
moderate reactivity of C—O bonds results in easily manageable
reaction rates, facilitating the control of the structure and tex-
ture. Even if the starting reaction mixture is anhydrous, water
may be produced in situ by organic reactions, such as alcohol
dehydration, esterification, or aldol condensation. In addition,
hydroxyl (M—OH) groups resulting from non-hydrolytic hydrox-
ylation reactions®™ can condense together with formation of
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water. Accordingly, only a few routes involving only aprotic re-
actions are strictly non-hydrolytic or non-aqueous.*” The pres-
ence of water in the reaction medium can impact not only the
mechanism of formation of the oxo bridges, but also the struc-
ture, surface chemistry, morphology or texture of the final
nanomaterials.””® However, there have been very few at-
tempts at quantifying the water in NHSG reactions, and studies
comparing water formation in different NHSG routes for a
given oxide are lacking.

In this work we investigated the formation of water and its
influence on the structure of the final oxide for nine different
NHSG routes, involving two precursors and seven O-donors. As
a case study, we chose the synthesis of mesoporous ZrO,.

Indeed, ZrO, is an important catalytic material owing to its
high thermal stability, the presence of both acid and basic
sites and its oxidizing and reducing properties.”'*) Moreover,
the surface properties, activity and selectivity of zirconia-based
catalysts depend on the structure of the ZrO, phase.*® At at-
mospheric pressure, three polymorphs are known for bulk
ZrO,: the monoclinic phase (m-ZrO,) is stable up to 1170°C,
the tetragonal phase (t-ZrO,) is stable between 1170°C and
2370°C, and the cubic phase (c-ZrO,) above 2370 °C. However,
the tetragonal and cubic phases can be stabilized at room
temperature up to a critical crystallite size of about 30 nm be-
cause their surface energy is lower than that of the monoclinic
phase.'"” The presence of lattice strain,"® impurities">* or
oxygen vacancies” also stabilizes the tetragonal phase. Ac-
cordingly, the synthesis in aqueous medium by conventional
sol-gel/precipitation methods of high-surface area zirconia
with controlled phase has attracted much attention.!"% 2324
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Conversely, the synthesis of mesoporous ZrO, by NHSG routes
remains practically unexplored. Jansen and Guenther obtained
after calcination at 500°C tetragonal zirconia by ester elimina-
tion between Zr(OAc), and Zr(OnPr),,* but the specific surface
area was not reported. Warwar Damouny et al. reported that
the reaction of ZrCl, with iPr,O (ether route) led after calcina-
tion at 800°C to a mixture of t-ZrO, and m-ZrO, phases with a
low specific surface area (16 m*g~").” On the other hand, the
synthesis of ZrO, nanoparticles by two NHSG routes has been
investigated. Although the particles were not calcined in order
to avoid aggregation, crystalline particles were obtained owing
to the high reaction temperatures used (200-340°C). The alk-
oxide route involving the reaction of ZrCl, with Zr(QOiPr),-iPrOH
in the presence of a capping agent was used initially, leading
to c-ZrO, or t-ZrO, particles.””?® The most used route is the
surfactant-free benzyl alcohol route, based on the reaction of
zirconium alkoxides®* or zirconium chloride®*** in benzyl al-
cohol at 200-270°C in an autoclave. Due to the large number
of parameters that influence the crystallinity (precursor, con-
centration, reaction temperature, time, liner material),®"*? the
control of the structure by the benzyl alcohol route is not
straightforward. Interestingly, two articles discuss the possible
role of water. De Keukeleere et al. proposed that the formation
of m-ZrO, nanoparticles in the reaction of benzyl alcohol with
ZrCl, was due to the release of HCl, which catalyzed the forma-
tion of water by dehydration of benzyl alcohol. In the reaction
of Zr(OiPr),iPrOH with benzyl alcohol, they found that addition
of water alone was not sufficient to promote the formation of
m-ZrO, instead of c-ZrO, and that the addition of a strong acid
was necessary.”¥ In a recent study Gambe et al. reported that
water formed also in the reaction of Zr(OiPr),-iPrOH in benzyl
alcohol, presumably by intramolecular dehydration of iPrOH,
leading to tetragonal-monoclinic mixtures.®¥

The aim of the present article is to thoroughly investigate
the synthesis by different NHSG routes of mesoporous ZrO,
supports, with controlled tetragonal or monoclinic structure,
and to clarify the role of water, that is, to see if water is pro-
duced in other NHSG routes and if it governs the crystal struc-
ture.

In the first part of this work, several different non-hydrolytic
routes and reaction conditions (temperature, time) were
screened and the water content in the reaction medium was
systematically measured by Karl Fisher titration. The texture
and the crystalline structure of the different samples was inves-
tigated, aiming to identify conditions leading selectively to
mesoporous t-ZrO, or m-ZrO, supports with significant specific
surface area.

In the second part, the main parameters governing the final
crystalline phase were identified and the major role of water
was confirmed based on the data collected in the screening
study.

In the third part, NMR analysis of the syneresis liquids was
used to identify for the different NHSG routes the main reac-
tions responsible for the formation of water and of the oxide
network.

In the last part, the texture and morphology of selected
ZrO, samples was investigated.
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Results and Discussion

Part 1: Screening study

In order to find the conditions suitable for selectively obtaining
after calcination mesoporous t-ZrO, or m-ZrO, and to establish
the presence or absence of water in different NHSG routes, we
synthesized a range of ZrO, samples by several non-hydrolytic
sol-gel routes at various reaction temperatures and times,
using two precursors, Zr(OnPr), (ZNP) and ZrCl, (ZCL), and
seven O-donors, diisopropyl ether (DIPE), ethanol (EtOH),
benzyl alcohol (BnOH), acetic anhydride (Ac,0), acetophenone
(AcPh), 2-pentanone (MPK) and acetone (ACE). In the non-hy-
drolytic sol-gel literature, O-donors such as ethers or acetic an-
hydride are used in a stoichiometric amount or in slight
excess, while alcohols or ketones are usually used as both O-
donor and solvent. In this work, we followed the same ap-
proach. For all of the syntheses, the amounts of precursor, O-
donor and solvent (if any), the reaction temperature and reac-
tion time are summarized in Table 1. In the following, the
oxide samples (after calcination) are named after the precursor,
the O-donor, the reaction temperature, and the reaction time
as shown in Table 1. For example the ZrO, sample ZNP-AcPh
200/12 was prepared from Zr(OnPr), precursor by the aceto-
phenone route at 200°C for 12 h. The xerogel samples (before
calcination) are indicated by the suffix “-X”, as in ZNP-AcPh
200/12-X.

We chose Zr(OnPr), rather than Zr(OiPr), because of its
higher thermal stability: Inoue et al. reported that the solvo-
thermal decomposition of Zr(OiPr), at 265°C for 2 h gave
amorphous zirconia whereas no reaction was observed at
300°C with Zr(OnPr),.”® Zr(OnPr), is commercially available as
a 70 wt% solution in 1-propanol (nPrOH). However, nPrOH is a
potential O-donor and it can react with itself or other alcohols
(dehydration), with Ac,O (esterification), or with ketones (ketali-
zation). To avoid such secondary reactions, nPrOH was re-
moved before use by treatment for 15h under primary
vacuum at 120°C (Figure S1, Supporting Information).

To investigate the possible role of water, we used Karl Fisch-
er titration to systematically quantify the water present in the
liquid phase after reaction. The structure and texture of both
the xerogels (non-calcined dried gels) and the final ZrO, sam-
ples were characterized by powder X-ray diffraction and nitro-
gen physisorption. The results are summarized in Table 2, and
XRD patterns of selected samples are reported in Figures 1 and
2.

Formation of water during the reaction

Depending on the NHSG route and the reaction conditions,
the water content in the syneresis liquids ranged from less
than 10 ppm to nearly 20 000 ppm (i.e. 2 wt%). In addition,
separation of an aqueous phase was observed for the last
3 samples of Table 2 (note that in these cases nearly all the
acetone or benzyl alcohol was consumed during the reactions,
as shown in Part 3). Actually, among all the reactions tested,
only a few can be considered as strictly non-hydrolytic or non-

© 2020 The Authors. Published by Wiley-VCH GmbH


http://www.chemeurj.org

Chemistry—A European Journal

Full Paper

doi.org/10.1002/chem.202003081

Chemistry
Europe

European Chemical
Societies Publishing

Table 1. Reaction conditions for the synthesis of zirconia samples from Zr(OnPr), and ZrCl, precursors.

Sample name Precursor O-donor Solvent Conditions
ZNP-Ac,0 200/12 Zr(OnPr), Acetic anhydride Toluene, 10 mL 200°C, 12 h
ZNP-Ac,0 200/72 5.3 mmol 1.00 mL, 10.6 mmol 200°C, 72 h
ZNP-Ac,0 200/168 200°C, 168 h
ZNP-Ac,0 240/72 240°C, 72 h
ZNP-Ac,0 270/72 270°C, 72 h
ZNP-BnOH 200/24 Zr(OnPr), Benzyl alcohol O-donor 200°C, 24 h
ZNP-BnOH 200/168 5.3 mmol 10.0 mL, 96 mmol 200°C, 168 h
ZNP-BnOH 240/24 240°C, 24 h
ZNP-AcPh 200/12 Zr(OnPr), Acetophenone O-donor 200°C, 12 h
ZNP-AcPh 240/18 5.3 mmol 10.0 mL, 85.4 mmol 240°C, 18 h
ZNP-MPK 200/12 Zr(OnPr), 2-pentanone O-donor 200°C, 12 h
ZNP-MPK 200/72 5.3 mmol 10.0 mL, 94 mmol 200°C, 72 h
ZNP-MPK 200/168 200°C, 168 h
ZNP-MPK 240/18 240°C, 18 h
ZNP-MPK 240/72 240°C, 72 h
ZNP-ACE 200/12 Zr(OnPr), Acetone O-donor 200°C, 12 h
ZNP-ACE 240/72 5.3 mmol 10.0 mL, 135 mmol 240°C, 72 h
ZCL-DIPE 110/72 ZrCl, Diisopropylether CH,Cl,, 10 mL 110°C, 72 h
ZCL-DIPE 180/72 8.0 mmol 17.6 mmol 180°C, 72 h
ZCL-EtOH 110/72 ZrCl, Ethanol, 6.0 mL, 103 mmol O-donor 110°C, 72 h
ZCL-EtOH 150/72 8.0 mmol 150°C, 72 h
ZCL-BnOH 110/12 ZrCl, Benzyl alcohol O-donor 110°C, 12 h
ZCL-BnOH 180/12 8.0 mmol 6.7 mL, 64 mmol 180°C, 12 h
ZCL-ACE 200/18 ZrCl, Acetone O-donor 200°C, 18 h
ZCL-ACE 240/72 8.0 mmol 10 mL, 135 mmol 240°C, 72 h

aqueous: the reaction of ZrCl, with DIPE at 110 or 180°C, of
Zr(OnPr), with Ac,O at 200°C, and of Zr(OnPr), in BnOH at
200°C. Conversely, the reaction of ZrCl, in EtOH, BnOH or ace-
tone and the reactions of Zr(OnPr), in the different ketones at
240°C all led to rather high water content, between 3500 and
19000 ppm. In these cases, the H,O:Zr ratio in the syneresis
liquid after reaction ranges from 0.20 to 1.75 (Table 2), which is
far from negligible, especially considering that this is the
amount of water present after reaction, and that hydrolysis/
condensation reactions could have consumed a significant
amount of water (up to 2 moles per mole of Zr precursor for a
completely hydrolytic pathway).

Structure of ZrO, samples

The peaks found in the XRD patterns (Figures 1 and 2) of the
crystalline samples can be ascribed either to the tetragonal
phase, t-ZrO, (space group P42/nmc, ICSD 00-050-1089) (peaks
at 20 30.3°, 34.8°, 35.3°, 50.4, 59.6°, 60.2°) or to the monoclinic
phase m-ZrO, (space group P21/a, ICSD 00-037-1484) (peaks at
260 24.0°, 24.4°, 28.2°, 31.5° 34.2°, 34.4°, 353°). The t-ZrO,
phase is very close to the cubic phase, c-ZrO, (space group
Fm3m, ICSD 00-049-1642) and in some case line broadening
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can make the assignment difficult. However, the asymmetry of
the ka1l peaks at 260 =35°and 60°, due to the characteristic
splittings of the tetragonal phase, supports a tetragonal struc-
ture.”® The volume percentage of tetragonal phase, %t, was
derived from the intensities of the (101) peak of t-ZrO, at 30.3°
and of the (—111) and (111) peaks of m-ZrO, at 28.2 and 31.5°,
respectively.®”

The data reported in Table 2 show that for both precursors,
ZrCl, and Zr(OnPr),, several sets of reaction conditions (O-
donor, reaction temperature and time) lead after calcination to
practically pure t-ZrO, (%t > 95) (e.g. ZNP-Ac,O 200/72, ZNP-
AcPh 200/12, ZCL-DIPE 110/72, ZCL-BnOH 110/12) or practically
pure m-ZrO, (%t < 5) (e.g. ZNP-ACE 240/72, ZCL-EtOH 150/72,
ZCL-BnOH 180/12, ZCL-ACE 200/18, ZNP-BnOH 200/168).

Comparison of the diffractograms of the different samples
before and after calcination (Figures 1 and 2) shows that under
our conditions (5 h at 500°C in air) calcination has a significant
impact only for the amorphous samples (e.g. ZNP-Ac,0 200/72,
ZNP-MPK 200/12, ZNP-AcPh 200/12, ZCL-DIPE 110/72, ZCL-
EtOH 110/72, ZCL-BnOH 110/12), which are converted upon
calcination to predominantly tetragonal samples. Calcination
of crystalline xerogels only leads to a moderate change (<
10%) of the percentages of tetragonal and monoclinic phases.

© 2020 The Authors. Published by Wiley-VCH GmbH
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Table 2. Crystalline phases and specific surface area of the non-hydrolytic zirconia samples, before and after calcination, and water content in the liquid
phase after reaction.
Sample name %t (vol %) Seer™ (m?g™") H,0

xerogel calcined xerogel calcined ppm' H,0:Zr'¥
ZNP-Ac,0 200/12 Am 100 500 <5 <10 0.00
ZNP-Ac,0 200/72 Am. 100 250 <5 <10 0.00
ZNP-Ac,0 200/168 Am. 100 / <5 <10 0.00
ZNP-Ac,0 240/72 20 15 310 80 890 0.10
ZNP-Ac,0 270/72 20 10 445 95 940 0.11
ZNP-BnOH 200/24 35 45 <5 20 40 0.00
ZNP-BnOH 200/168 5 5 <5 5 70 0.01
ZNP-BnOH 240/24 70 75 45 55 1160 0.14
ZNP-ACE 200/12 40 45 470 55 9460 0.91
ZNP-ACE 240/72 15 5 230 85 18700 1.75
ZNP-AcPh 200/12 Am. 95 105 40 450 0.06
ZNP-AcPh 240/18 15 15 210 95 9460 1.13
ZNP-MPK 200/12 Am. 90 225 80 410 0.04
ZNP-MPK 200/72 70 65 375 80 2860 0.28
ZNP-MPK 200/168 20 15 275 110 6430 0.62
ZNP-MPK 240/18 25 20 260 95 7670 0.74
ZNP-MPK 240/72 20 15 235 115 15400 1.48
ZCL-DIPE 110/72 Am. 100 20 95 <10 0.00
ZCL-DIPE 180/72 100 100 <5 10 <10 0.00
ZCL-EtOH 110/72 Am. 85 / 40 3500 0.14
ZCL-EtOH 150/72 5 5 160 130 11500 0.45
ZCL-BnOH 110/12 Am. 85 / 130 610 0.30
ZCL-BnOH 180/12 15 5 100 80 H,O phase /
ZCL-ACE 200/18 5 0 100 105 H,O phase
ZCL-ACE 240/72 0 0 / 70 H,O phase /
[a] Volume percentage of t-ZrO, phase, values rounded to the nearest 5% (%m = 100—%t). [b] Specific surface area obtained by the BET method.
[c] From Karl Fischer titration of the liquid phase. [d] Water to Zr molar ratio calculated from the water content and the amounts of reactants, assuming
complete condensation and assuming that all the water and organic byproducts are in the liquid phase. [e] Amorphous. [f] No syneresis liquid, the gel was
crushed under argon in 6.0 mL anhydrous EtOH and the ethanolic solution was analyzed.
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Figure 1. Reference XRD patterns for monoclinic, tetragonal, and cubic zirconia polymorphs (a), and powder XRD patterns of selected samples prepared from
Zr(OnPr),, before (black) and after calcination (red) (b-f).
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Figure 2. Powder XRD patterns of selected ZrO, samples prepared from ZrCl,, before (black) and after calcination (red) (a-d).

Texture of ZrO, samples

Before calcination, the specific surface areas (Sgy) range be-
tween 0 and 500 m*g~, and after calcination, between 0 and
130 m?’g~". There is no correlation between the water content
in the reaction medium and Sgg; of the xerogels. In most cases
calcination leads to a significant decrease of Sg. This decrease
can be due to crystallite growth, resulting in a lower geometri-
cal surface area of the particles, and to the sintering of the par-
ticles. Significant particle growth upon calcination occurs for
instance in ZNP-Ac,0 270/72, ZNP-ACE 240/72 or ZCL-BnOH
180/12, as shown by the narrowing of XRD peaks upon calcina-
tion (Figures 1 and 2). Conversely, the removal of organic resi-
dues by the calcination should lead to an increase in the spe-
cific surface area, as organics are usually non porous and may
partially block the pores. Due to these conflicting effects, pre-
dicting the effect of calcination on specific surface areas is not
possible.

Note that the calcination step was not optimized in view of
obtaining very high surface areas. In all cases the samples
were calcined at 500°C for 5h (heating rate 10°Cmin~"). A
lower calcination temperature and/or a shorter calcination
time could lead to significantly higher surface areas. For in-
stance, we found that calcination at 500°C for 1 h instead of
5h of ZNP-Ac,0 240/72 and ZCL-BnOH 180/12 led to nearly
twice higher specific surface areas and higher pore volumes,
while a low heating rate (1°Cmin~" instead of 10°Cmin~") had
nearly no influence (Table S1 and Figure S2).

Even after calcination at 500°C for 5 h, several syntheses led
to nearly pure m-ZrO, or t-ZrO, with high specific surface area.
With the Zr(OnPr), precursor, reaction with ketones appear par-
ticularly interesting, thus reaction with MPK at 200°C for 12 h
mainly leads to t-ZrO, (%t = 90% ) with a Sg; of 80 m?g™"
while reaction with ACE at 240 °C for 72 h affords nearly pure

Chem. Eur. J. 2021, 27, 2670 - 2682 www.chemeurj.org
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m-ZrO, (%t = 5%) with a Sger of 85 m?g™~". In the case of the
ZrCl, precursor, reaction with DIPE at 110°C for 72 h leads to
pure t-ZrO, with a Sg; of 95 m?g~" while reaction in EtOH at
150°C for 72 h leads to m-ZrO, (%t = 5%) with a Sg of
130 m?’g~' (samples highlighted in bold in Table 2). The texture

and morphology of these samples are presented in part 3.4.

Part 2: Control of the crystalline phase

In several cases, we could control the crystalline phase of the
calcined samples and obtain either nearly pure t-ZrO, or nearly
pure m-ZrO, simply by changing the reaction time and/or the
reaction temperature (Figures 1, 2).

Increasing the reaction time or the reaction temperature
tends to favor the formation of m-ZrO, at the expense of t-
ZrO,, suggesting that the metastable tetragonal forms first
then transforms into the stable monoclinic phase during the
solvothermal aging of the gel (e.g. ZNP-BnOH 200/12 vs. ZNP-
BnOH 200/168, ZNP-MPK 200/12 vs. ZNP-MPK 200/168, ZNP-
Ac,0 200/72 vs. ZNP-Ac,0 240/72, ZCL-EtOH 110/72 vs. ZCL-
EtOH 150/72, ZCL-BnOH 110/72 vs. ZCL-BnOH 180/72).

However, in the reaction of ZNP with Ac,0 at 200°C, t-ZrO,
formed whatever the reaction time (12 h to 168 h), and in the
reaction of ZCL with DIPE, pure t-ZrO, was obtained regardless
of the reaction temperature (110°C or 180°C). It is noteworthy
that no water was detected for all of these samples. Actually,
although reaction temperature and reaction time are impor-
tant parameters, the presence of water in the reaction medium
has an even more important influence on the crystallinity of
the final ZrO,. There is a clear correlation between the crystal-
line phase of the calcined ZrO, samples and the amount of
water found after reaction. Thus, it is remarkable that strictly
non-hydrolytic syntheses (ZrCl,/DIPE and Zr(OnPr),/Ac,0 at
200°C) led in all cases to purely tetragonal samples (ZCL-DIPE

© 2020 The Authors. Published by Wiley-VCH GmbH
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110/72, ZCL-DIPE 180/72, ZNP-Ac,0 200/12, ZNP-Ac,0 200/72,
ZNP-Ac,0 200/168) and that all the reactions with large
amounts of water (>1500 ppm) led to predominantly mono-
clinic samples (%t < 40).

The presence of a significant amount of water in the synere-
sis liquid after reaction suggests that the formation of the
oxide involves, at least in part, hydrolysis/condensation reac-
tions (see paragraph on mechanisms). In addition, water might
also play a role during the solvothermal aging of the gel by fa-
cilitating the conversion of tetragonal zirconia to monoclinic
zirconia.

Solvothermal aging in the presence of water

To investigate the influence of a small amount of water on the
solvothermal aging of the gel, we repeated two reactions
which led to predominantly tetragonal zirconia (%t > 80): the
reactions of Zr(OnPr), and Ac,0O in toluene at 200°C for 36 h
(ZNP-Ac,0 200/36) and of Zr(OnPr), in MPK at 200°C for 12 h
(ZNP-MPK 200/12). The gels issued from these reactions were
washed, then heated in an autoclave at 200°C in toluene con-
taining 20000 ppm H,O. The resulting xerogels and calcined
samples (ZNP-Ac,0 200/36-W200/36 and ZNP-MPK 200/12-
W200/12) were characterized by powder X-ray diffraction and
the results are given in Table 3 and Figure 3.

Table 3. Influence of a solvothermal treatment in 10 mL toluene contain-
ing 2 wt% H,O on the crystalline phases before and after calcination.

Sample Solvothermal %t [vol%)
treatment xerogel after calc.
ZNP-Ac,0 200/72 None Am. 100
ZNP-Ac,0 200/36-W200/36 36 h at 200°C 5 5
ZNP-MPK 200/12 None Am. 920
ZNP-MPK 200/12-W200/12 12 h at 200°C 35 10

ZNP-MPK 200/12-W200/12

ZNP-MPK 200/12

ZNP-Ac,0 200/36-W200/36

Intensity (a. u.)

ZNP-Ac,0 200/72

20 30 40 50 60 70
26 (°)

Figure 3. Comparison of the powder XRD patterns of calcined ZrO, samples
prepared with (red) or without (blue) a solvothermal treatment with 2 wt%
of added water.

Chem. Eur. J. 2021, 27, 2670 - 2682 www.chemeurj.org

2675

In the case of the strictly nonhydrolytic reaction of Zr(OnPr),
with Ac,O at 200°C, we know that an amorphous xerogel is
obtained whatever the reaction time (12 h to 168 h), and that
this xerogel is converted after calcination into a purely tetrago-
nal sample. Remarkably, a solvothermal treatment of 36 h at
200°C in toluene with only 2 wt% H,0 is sufficient to convert
the amorphous gel into nearly pure m-ZrO, (%t <5). A similar
effect is observed in the reaction of Zr(OnPr), with MPK at
200°C for 12 h: after a solvothermal treatment of only 12 h at
200°C in the presence of H,O0 m-ZrO, becomes the major
phase in both the xerogel and the final oxide.

In both cases, the presence of water clearly favors the for-
mation of monoclinic ZrO,, even though the crystallite size
(8.5 nm for ZNP-Ac,0 200/36-W200/36, 5.5 nm for ZNP-MPK
200/12-W200/12) remains well below the critical particle size
(=30 nm) defined by Garvie and Goss."”” Gambe and co-work-
ers recently reported that a solvothermal post-treatment in
mixtures of BnOH and H,0O of wet ZrO, particles obtained by
the benzyl alcohol route also favored the monoclinic phase
without significant particle growth.®* This behavior could be
explained by a preferential lowering of the surface free energy
of m-ZrO, particles upon adsorption of water, leading to a de-
crease of the critical size below which t-ZrO, particles can be
stabilized,”” or to the filling of oxygen vacancies by hydroxyl
ions.®

Avoiding water formation

It is easy to add water, much less to remove it during the reac-
tion, considering that the syntheses are performed in auto-
claves. Recently, Gambe et al. demonstrated that by adding
sodium as a desiccant in the reaction of benzyl alcohol with
Zr(OiPr),+iPrOH they could obtain pure t-ZrO, nanoparticles in-
stead of t/m mixtures.?¥ Actually, in all the reactions leading to
large amounts of water, the O-donor is also used as a solvent,
thus in a large excess. In the case of ZrCl, the only source of
oxygen is the O-donor. An elegant way to avoid the formation
of water would be to use a stoichiometric amount of O-donor,
that is, 2 equiv relative to ZrCl,. Then, all the oxygen would be
consumed to give the oxo bridges and, whatever the reactions
involved, no water should remain in the reaction medium. To
test this hypothesis, we chose three reactions of ZrCl, with
EtOH, BnOH or ACE, which lead, when the O-donor is used as
a solvent, to large amounts of water and to nearly pure m-
Zr0, (%t < 5). Three samples were prepared under the same
conditions but using an inert solvent and a stoichiometric
amount (i.e. 2 equiv relative to Zr) of O-donor (Table 4).

With a stoichiometric amount of O-donor, the amount of
water found in the liquid phase was very low (<100 pm) and
the major phase in the calcined samples was the tetragonal
one (%t > 85) (Table 4, Figure 4). The very low amount of
water found confirms that even if water formed intermediately,
it was completely consumed to form the ZrO, gel. The fact
that the major phase was the tetragonal one is consistent with
our previous observations and confirms that in the absence of
water the tetragonal phase remains stabilized and formation of
monoclinic zirconia is hindered.

© 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 4. Comparison of the powder XRD patterns of calcined ZrO, samples
prepared from ZrCl, with a stoichiometric amount of O-donor (red) or using
the O-donor in large excess as a solvent (blue).

Taken together, our findings underline the crucial impor-
tance of water on the crystalline phase of the final ZrO,, which
apparently does not depend so much on the mechanism of

In situ formation of OR groups

Zr-Cl + R-O-R—— Zr-OR + R-Cl (1)

Zr-Cl + R-OH —— Zr-OR + H-Cl (2)

Zr-OR + PhCH,OH—» Zr-OCH,Ph + ROH (3)

In situ formation of OAc groups

Zr-OR + Ac-O-Ac  — Zr-OAc + Ac-OR (4)

Aprotic condensation reactions

Alkyl halide elimination
Zr-Cl + Zr-OR —— Zr-O-Zr + R-Cl (5)
(R = Et, "Pr, PhCH,...)
Ether elimination
Zr-OR +Zr-OR  —— Zr-O-Zr + R-O-R (6)

Ester elimination
Zr-OR + Zr-O-Ac > 7r-0-Zr + Ac-OR (7)

Table 4. Crystalline phases before and after calcination for zirconia samples prepared from ZrCl, (8.0 mmol) with a stoichiometric amount (16.0 mmol) of
ACE, EtOH or BnOH O-donors.
Sample O-donor Solvent Conditions H,0 %t [vol%]
name [ppm] xerogel after calc.
ZCL-EtOH 150/72S EtOH CH,Cl,, 10 mL 150°C, 72 h 60 Am. 80
ZCL-BnOH 180/12S BnOH Toluene, 10 mL 180°C, 12 h 50 Am. 85
ZCL-ACE 200/18S ACE CH,Cl,, 10 mL 240°C, 72 h 30 Am. 100
| gel formation (strictly nonhydrolytic or not) than on the pres-
| ZCL-ACE 200/185 ence of water during the soIvotherrr?aI aging of the gél. Thus,
it is possible to reverse the selectivity of syntheses either by

adding a small amount of water during the solvothermal aging
of the gels or by using a stoichiometric amount of O-donor to
prevent the formation of water.

Part 3: Reactions involved

Having established the main parameters controlling the crys-
talline phase in the final ZrO, samples and the crucial role
played by water, we used 'H and "CNMR spectroscopy to
identify organic reaction products, in order to determine the
reactions responsible for the formation of the oxide network
and for the formation of water. The reaction of Zr(OnPr), with
acetophenone (AcPh) or 2-pentanone (MPK) at 200 or 240°C
led to complicated mixtures of products, hence we focused on
the reactions with the simplest ketone, acetone (ACE). The
NMR spectra are displayed in supporting information. The dif-
ferent reactions that we propose are summarized in Scheme 1.

Strictly non-hydrolytic syntheses

The quantification of water in the syneresis liquid (Table 2) in-
dicates that very few syntheses can be considered as strictly
non-hydrolytic: the reaction of ZrCl, with DIPE at 110 or 180°C,

Non-hydrolytic hydroxylation

y —2zroH+>=<_ (8)

Zr-Cl + PACH,OH —— Zr-OH + PhCH,CI (9)

Zr—0

Water formation

2R-OH — R-O-R+ H,0 (10)
HO H —~ >= +H,0 (11)

3 Me,CO —»/©\+3H20 (12)

Hydrolysis
Zr-Y + HO —— Zr-OH + HY (Y = CI, OR) (13)

Condensations involving M-OH groups

ZrY + Zr-OH — > Zr-O-Zr +H-Y  (14)

Zr-OH + Zr-OH —— Zr-O-Zr + H,0  (15)

Scheme 1. Main reactions proposed for the formation of the oxide network and of water.
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of Zr(OnPr), with Ac,0 at 200°C, and of Zr(OnPr), in BnOH at
200°C.

Reaction of ZrCl, with DIPE: After reaction of ZrCl, with
DIPE (2.2 equiv) at 110°C for 72 hours in CH,Cl, (ZCL-DIPE 110/
72), NMR spectra indicate the presence of isopropyl chloride
(88 mol%) and iPr,0 (12 mol%) (Figure S3). The formation of
isopropyl chloride is consistent with a 2-step mechanism in-
volving first the formation of Zr-OiPr groups by etherolysis [Eq.
(1) in Scheme 1] then their aprotic condensation with Zr-Cl
groups [Eq. (5)]. The 12 mol% of iPr,O correspond to unreact-
ed excess iPr,0. The same strictly nonhydrolytic mechanism
has been reported for the synthesis of TiO,®**? and TiO,/C
nanocomposites from TiCl, and DIPE.*" In addition, very minor
signals between 0.7 and 2.0 ppm suggest the presence of alkyl
oligomers, likely resulting from the formation of propylene by
dehydrochlorination of iPrCl, followed by polymerization.®**"

Reaction of Zr(OnPr), with Ac,0 at 200 °C: After reaction of
Zr(OnPr), with 2 equiv of Ac,0 at 200°C for 72 h (ZNP-Ac,0
200/72), NMR spectra indicate the formation of n-propyl ace-
tate (AcOnPr) only (Figure S4), consistent with a 2-step mecha-
nism involving acetoxylation [Eq. (4)] then condensation with
ester elimination [Eq. (7)], as recently reported for the synthesis
of TiO,-based materials from Ti(QiPr), and Ac,0.*** There is
no trace of Ac,O, showing that the first step was complete. At
240°C, the reaction of ZNP with Ac,O is no more strictly non-
hydrolytic, as shown by the significant amount of water (=
900 ppm) found after reaction at 240°C or 270°C for 72 h
(samples ZNP-Ac,0 240/72 and ZNP-Ac,0 270/72), possibly re-
lated to the decomposition of Zr(OnPr), [Eq. (8)] followed by
condensation with elimination of H,0 [Eq. (15)].1/

Reaction of Zr(OnPr), with BnOH at 200°C: After reaction
of Zr(OnPr), with BnOH at 200°C (ZNP-BnOH 200/168) the
3C NMR spectrum (Figure S5) clearly shows the formation of n-
propanol (nPrOH), and dibenzyl ether (Bn,0). Unfortunately,
the "H NMR resonances for BhOH and Bn,O overlap, preventing
integration. The formation of Bn,0O and nPrOH is in good
agreement with the nonhydrolytic mechanism previously re-
ported in the synthesis of ZrO,®® or TiO,” nanoparticles, in-
volving transesterification [Eq. (3)] then aprotic condensation
with ether elimination [Eq. (6)]. Again, this reaction is no more
strictly non-hydrolytic when it is performed at 240°C
(1160 ppm). The spectra obtained for the sample ZNP-BnOH
240/24 (Figure S6) are quite similar to those of ZNP-BnOH 200/
168, although many minor peaks are now visible. Accordingly,
the formation of water could result from the intermolecular
dehydration of BnOH to give BnOBn [Eq. (10)],"” or from the in-
tramolecular dehydration of nPrOH [Eq. (11)], with formation of
propylene, which is too volatile to be detected.®

Syntheses with in situ formation of water

As discussed above, significant water formation is observed
notably in the reactions of ZNP or ZCL in acetone at 200-
240°C, and in the reaction of ZCL in ethanol at 150°C or in
benzyl alcohol at 180 °C (Table 2).

Reaction of Zr(OnPr), in acetone: After reaction at 240°C
for 72 h (sample ZNP-ACE 240/72): the 'H and "*C NMR spectra

Chem. Eur. J. 2021, 27, 2670 - 2682 www.chemeurj.org

2677

(Figure S7) show the formation of mesitylene, isopropanol
(iPrOH), and minor amounts of saturated hydrocarbons (peaks
between 0.6 and 2 ppm), as well as other unidentified by-prod-
ucts. The molar ratio mesitylene : /PrOH : ACE is 1:3.5:19.
Minor formation of mesitylene has previously been reported in
the synthesis of TiO, nanoparticles from Ti(OiPr), and ace-
tone,”*! the major product being mesityl oxide. Both com-
pounds result from aldol condensation of acetone [Eq. (12)]. In
our case, the preferential formation of the higher condensation
product, mesitylene, suggests that Zr species are more selec-
tive catalysts for this reaction than Ti species. Considering the
high amount of water in the medium, it is likely that hydrolysis
of Zr-OnPr groups to Zr-OH groups [Eq. (13)] and condensation
with Zr-OnPr groups [Eq. (14)] or other Zr-OH groups [Eq. (15)]
take place. Both hydrolysis [Eq. (13)] and condensation accord-
ing to [Eq. (14)] should generate n-propanol. The fact that only
isopropanol was detected suggests that isomerization of n-
propanol took place, which has to be ascribed the harsh reac-
tion conditions used. For comparison, the synthesis of mesity-
lene from acetone typically involves reacting acetone in con-
centrated sulfuric acid or heating over an acidic catalyst at
high temperature (>200°C) and high pressure.”***"

Reaction of ZrCl, in acetone at 200°C: After 18 h (sample
ZCI-ACE 200/18), both 'H and "CNMR spectra (Figure S8)
point to the complete consumption of the acetone. The major
byproduct is mesitylene (as in the reaction of Zr(OnPr), in ace-
tone), indicating extensive aldol condensation and water for-
mation [Eq. (12)], in agreement with the water phase found in
the syneresis liquid. In addition, numerous signals correspond-
ing to saturated aliphatic and aromatic byproducts are found.
These byproducts most likely arise from the polymerization of
light olefins formed by decomposition of mesityl oxide and
other aldol condensation products, which was reported to be
catalyzed by Brgnsted acidic sites in zeolites at 150-250°C and
leads to the formation of isobutylene, but also of propylene,
ethylene and aromatics.”® Actually, light olefin synthesis from
acetone over zeolite catalysts in gas phase has been widely in-
vestigated. In these syntheses, selective formation of lighter
olefins is due to the molecular sieving effect of the zeolite."*”
In our case, there is no such effect and polymerization is not
prevented.

Reaction of ZrCl, in EtOH at 150°C: After 72 h of reaction
(sample ZCL-EtOH 150/72), NMR spectra indicate the formation
of Et,0 and EtCl only (Figure S9). From the integration of the
'HNMR spectrum and the initial molar ratio of reactants
(EtOH:ZrCl,=12.9:1), we find that 2.6 moles of Et,O and 1.6
moles of EtCl were produced for one mole of ZrCl,. The forma-
tion of water (11500 ppm) and Et,0 most likely results from
the condensation between two EtOH molecules [Eq. (10)], cata-
lyzed by Zr species and/or HCl. This reaction is relatively slow:
over the 72 h of reaction, less than half the EtOH was convert-
ed to Et,0, nevertheless generating more than enough water
to fully hydrolyze and condense the precursor. However, the
presence of EtCl suggests that a nonhydrolytic mechanism in-
volving alkoxylation [Eq. (2)] and condensation with EtCl elimi-
nation [Eq. (5)] is operative.
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According to the literature, the alkoxylation starts even at
room temperature but this reaction is not complete and leads
to the formation of a mixture of chloroethoxides, mainly
Zr(OEt),Cl,.EtOH and Zr(OEt)Cl;.EtOH.P? At 150°C, these chlor-
oethoxides condense rapidly to form Zr-O-Zr bonds according
to [EqQ. (5)]. The amount of EtCl formed (EtCl:Zr = 1.6:1) corre-
sponds to 80% of the amount expected for a complete nonhy-
drolytic condensation. Accordingly, only about 20% of the oxo
bridges would be formed by a hydrolytic mechanism [Egs. (13-
15)].

Interestingly, when the reaction was performed using a stoi-
chiometric amount of EtOH, that is, 2 moles per mole of ZrCl,
(sample ZCI-EtOH 150/72S), no water was detected (meaning
that all the EtOH was consumed to give alkoxide groups,
[Eg. (2)] and the only byproduct detected by 'H and *C NMR
spectroscopy of the syneresis liquid was EtCl (Figure S10) sug-
gesting that all of the oxo bridges formed according to
[Eq. (5)], by a fully nonhydrolytic mechanism. As a result, the
solvothermal “aging” takes place under anhydrous conditions,
leading to an amorphous ZrO, xerogel converted to t-ZrO,
upon calcination.

Reaction of ZrCl, in BnOH: After reaction of ZrCl, in BnOH
at 110°C for 12 h (sample ZCI-BnOH 110/12), there was no
syneresis liquid. To extract organic byproducts and water, the
gel was crushed under argon in anhydrous EtOH. Karl Fischer
titration of this ethanolic solution indicated the formation of a
significant amount of water (6 100 ppm). Besides EtOH, The 'H
and “CNMR spectra of the resulting solution (Figure S11)
clearly show the presence of BnOH, BnCl and Bn,O. Based on
the integration of the 'H NMR spectrum and the initial molar
ratio of reactants, about 70% of the benzyl alcohol was con-
sumed during the reaction, 30% to give BnCl and 40% to form
Bn,0. The formation of BnCl could result from an alkoxylation/
condensation process [Eq. (2) and (5)] but it is more probably
due to the nonhydrolytic hydroxylation of Zr-Cl groups
[Eq. (9)], which is favored over alkoxylation in the case of terti-
ary and benzylic alcohols, able to form stable carbocations.®”
The Zr-OH groups formed by this nonhydrolytic hydroxylation
would then condense according to [Eq. (14)] or [Eq. (15)], lead-
ing to the elimination of HCl or water, respectively. The forma-
tion of Bn,O most likely results from the dehydration between
two BnOH molecules [Eq. (10)], catalyzed by Zr species and/or
HCl.

Reaction at 180°C (sample ZCI-BnOH 180/12) also leads to
BnCl, Bn,O and H.0, indicating the occurrence of the same re-
actions as at 110°C (Figure S12). In addition, other side reac-
tions take place, leading to short poly(phenylene methylene)
oligomers. The formation of such oligomers has previously
been reported in the reaction of benzyl alcohol with iron®"*?
or tungsten precursors.”® Poly(phenylene methylene) may
result from the direct polymerization of BnOH, but also of BnCl
or Bn,O byproducts.” Close inspection of the 'H NMR spec-
trum shows the presence of CH,Cl chain ends, indicating that
BnCl did participate to the polymerization [Eq. (16)].°” Accord-
ing to the integration of the 'H NMR spectrum, more than
90% of the benzyl alcohol was converted during the reaction,
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43% to BnCl, 23% to Bn,O and 25% to poly(phenylene meth-
ylene) oligomers.

©/\C|
n —_—
n

Part 4: Texture and morphology of selected samples

+nHCl  (16)

Based on their phase purity and their specific surface area, we
selected four samples for further characterization: two samples
with a predominantly monoclinic structure (ZCL-EtOH 150/72
and ZNP-ACE 240/72), and two samples with a predominantly
tetragonal structure (ZCL-DIPE 110/72 and ZNP-AcPh 200/12).
In addition, to illustrate the evolution of the texture with reac-
tion conditions, we also selected samples prepared from ZNP
and Ac,O at different temperatures (200, 240, and 270°C) for
72 h, and samples prepared from ZNP and MPK at 200°C with
different reaction times (12, 72, and 168 h). Relevant structural
and textural data for these samples are given in Table 5.

Table 5. XRD and N, physisorption data for the selected ZrO, samples.

Sam p|e Phase® dcryst[b] Sgeom[d SBET[d] Vp[e] Dp[ﬂ

[nm] [m’g™"] [m’g™"] [em’g™"] [nm]

ZCL-EtOH 150/72  95% m-ZrO, 5.5 180 130 0.30 5.9
ZNP-ACE 240/72  95% m-ZrO, 7.0 140 85 0.17 59
ZCL-DIPE 110/72  100% t-ZrO, 9.0 110 95 0.18 6.1
ZNP-MPK 200/12  959% t-ZrO, 6.0 165 80 0.07 34
ZNP-MPK 200/72  65% t-ZrO,/ 6.5 165 80 0.1 45
35% m-ZrO, 5.5

ZNP-MPK 200/168 859% m-ZrO, 5.0 200 110 0.19 54
ZNP-Ac,0 200/72 100% t-ZrO, 7.5 135 <5 <0.01 /

ZNP-Ac,0 240/72 85% m-ZrO, 6.5 155 80 0.11 4.7
ZNP-Ac,0 270/72  90% m-ZrO, 6.0 165 95 036 121

[a] Percentage of the main crystalline phase. [b] Average crystallite size
for the major phase, determined by the Scherrer method. [c] Geometric
specific surface area calculated from the average crystallite size assuming
a density of 6 and a spherical shape. [d] Specific surface area obtained by
the BET method. [e] Total pore volume at P/P, = 0.98. [f] Average pore
size calculated by the BJH method from the desorption isotherm.

Electron microscopy images show that the calcined samples
are built of aggregated primary t- or m-ZrO, nanocrystals, be-
tween =5 and 9 nm in size, in good agreement with the crys-
tallite size derived from XRD patterns (Table 5 and Figures 5
and 6). At the micron scale, the samples present two different
morphologies depending on the precursor and O-donor: in
ZNP-Ac,0, ZCI-EtOH or ZCL-DIPE samples the nanocrystals
form shapeless, very large aggregates, while in ZNP-MPK, ZNP-
ACE and ZNP-AcPh they build spherical secondary particles, 1
to 5 um in size. Similar hierarchical morphologies have already
been reported for TiO,-based materials prepared by NHSG
using DIPE or Ac,O O-donors™"*** As shown in Figure 6,
these two types of morphologies are already present in the xe-
rogels, prior to calcination.
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Figure 6. SEM images for ZrO, samples obtained from ZNP and MPK, ACE or Ac,0 under different conditions.
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The texture of the samples directly depends on how the
ZrO, nanocrystals assemble in the aggregates during the syn-
thesis, drying and calcination steps. Indeed, these nanocrystals
are nonporous, thus the specific surface area (Sg) arises from
the accessible geometric surface area (Sye,) of the nanocrys-
tals, and the pore volume (V;) from the voids between them. If
there was no sintering of the nanoparticles, the contact area
between the NPs would be negligible, and Sger would be close
t0 Sgeom- IN all cases S is lower than the geometric surface
area, indicating significant sintering of the nanocrystals
(Table 5). Sintering appears particularly important for ZNP-Ac,0
200/72, which displays a very low Sggr value despite a particle
size of 7.5 nm.

Just as the crystalline phase, the texture depends on the re-
action temperature and/or the reaction time. Accordingly, it is
not really possible to independently control the structure and
the texture of the final oxide. For instance, in the reaction of
ZNP with MPK at 200 °C, increasing the reaction time from 12
to 168 h leads to a nearly complete transformation of t-ZrO,
into m-ZrO,. Simultaneously, Sgr and V, increase, from
80 m?’g~' to 110 m?g~" and from 0.07 cm®*g™' to 0.19 cm®g~,
respectively (Table 5, Figure 7b, c). SEM images (Figure 6) indi-
cate a moderate growth and sintering of the secondary parti-
cles. The significant increase in pore volume suggests that the
solvothermal aging leads to a stronger primary particles net-
work which resists better to the drying and calcination steps.
In the reaction of ZNP with Ac,0, increasing the reaction tem-
perature from 200°C to 270°C changes the structure from
pure t-ZrO, to nearly pure m-ZrO,. This is accompanied by a

spectacular increase of Sz (from less than 5m’g™' to

a) L ZCL-EtOH 150/72
2 1o0m '-:,o.om
mE "5
o 0005
E 100+ gooooéﬂ{bm" i
F= U5 10 15 20 25 30 ¢
8 Pore Diameter (nm) /
2 i
£ 50
§ 2 ZNP-ACE 240/72
=]
0

T T T T
0.0 0.2 0.4 0.6 0.8 1.0
Relative Pressure (P/P))

<)
_'go'”“’ ZNP-MPK 200/168
o "o
,2100_"50.005 i
S =] \
-u:,; %a.ooo 3
2 5 10 15 20 25 30 e
8 Pore Diameter (nm) /' ¥ . _rcooioiiy o
-]
; 504
b= NP-MPK 200/72
g ~
c
0 T T T T
0.0 0.2 0.4 0.6 0.8 1.0

Relative Pressure (P /P )

95 m?g™") and of the pore volume (from less than 0.01 cm®g™"
to 0.36 cm®*g™") (Figure 7d). This change in texture is not due
to a change in crystallite size, which remains practically con-
stant, but to a lower sintering of the particles, leading to much
less dense aggregates, as can be seen in SEM images (Fig-
ure 6¢, f, ).

The nitrogen physisorption isotherms of the different oxides
(Figure 7) are of Type IV, characteristic of mesoporous adsorb-
ents, with Type H2 hysteresis loops, suggesting the presence
of ink bottle-shaped pores.”® The pore size distributions con-
firm the presence of mesopores. The distribution is particularly
large in the case of ZCL-EtOH 150/72, and to a lesser extent of
ZCL-DIPE 110/72. Conversely, the distribution is quite narrow
for ZNP-ACE 240/72, which displays well-calibrated pores in
the 5 to 7 nm range, due to the relatively dense packing of
well-calibrated nanoparticles (Figure 6e). The average pore size
in these three samples are similar, around 6 nm. The average
pore size of ZNP-MPK 200/12 is much lower (3.4 nm), and the
sharp pore size distribution is likely due to cavitation-induced
evaporation, indicating the presence of mesopores below
~5 nm).®

Conclusions

The first objective of this work was to assess the in situ forma-
tion of water in NHSG routes. Among all the syntheses tested,
very few appear strictly non-hydrolytic. This is the case only for
the reactions of ZNP with Ac,0 or BnOH at moderate tempera-
ture (200°C) and of ZCL with DIPE, in which no organic reac-
tion produces hydroxyl groups or water and the oxide network
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Figure 7. N, physisorption isotherms at 77 K and corresponding BJH pore size distribution of selected m-ZrO, (a), t-ZrO, samples (b), and of additional ZNP-

MPK (c) and ZNP-Ac,0 samples (d).
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results from aprotic condensations. In all other syntheses, sig-
nificant water formation takes place via alcohol dehydration
(reaction of ZCL with EtOH or BnOH and possibly of ZNP with
BnOH at 240°C) or aldol condensation (reaction of ACE with
ZNP or ZCL), suggesting that the mechanism of formation of
these samples is, at least in part, hydrolytic.

The second objective was to prepare mesoporous ZrO, sup-
ports with a controlled tetragonal or monoclinic structure. Al-
though reaction time and reaction temperature were impor-
tant parameters in controlling the crystalline phase, the pres-
ence of water played an even more important role: the forma-
tion of t-ZrO, is favored in the absence of water, while m-ZrO,
forms preferentially when a significant amount of water is
present. Based on these observation, we could reverse the se-
lectivity of several reactions by two different methods. Thus,
adding a small amount of water during the solvothermal aging
of the gels favored the formation of m-ZrO, instead of t-ZrO,.
Conversely, using a stoichiometric amount of O-donor com-
pletely prevented the formation of water, as all the oxygen
atoms were consumed to form the oxide, and this clearly fa-
vored the formation of t-ZrO, instead of m-ZrO,. The texture of
the final ZrO, materials does not appear related to the forma-
tion of water, but by varying the precursor, the O-donor and
the reaction conditions we could obtain practically phase pure
(>95%) t- or m-ZrO, mesoporous supports with specific sur-
face areas up to 130 m?g™"' after calcination for 5 h at 500°C in
air.

This study illustrates the richness of NHSG process and the
crucial importance of the organic reactions involved. It con-
firms the interest of NHSG for the synthesis of metal oxide
mesoporous supports or catalysts, in the absence of templates
and reactivity modifiers. Our next goal will be to apply these
routes to the synthesis of t- and m-ZrO, supports doped with
other oxides for catalytic applications.

Experimental Section
Chemicals

Zirconium(lV) propoxide (Zr(OnPr),, 70% in 1-propanol) and zirco-
nium (IV) chloride (ZCL, 99.9%) were purchased from Sigma-Al-
drich. Anhydrous benzyl alcohol (BnOH, 99.8%), diisopropylether
(DIPE, 99%) and acetophenone (AcPh, 99%) were also purchased
from Sigma-Aldrich. Acetic anhydride (Ac,0, 99%), ethanol (EtOH,
99.5%) and anhydrous acetone (ACE, 99.8%) were purchased from
ACROS Organics. 2-pentanone (MPK, 99.5%) was purchased from
Alfa Aesar. Zirconium(lV) propoxide (Zr(OnPr),, 70% in 1-propanol)
was treated before use for 15 h under primary vacuum at 120°C to
remove 1-propanol and obtain pure Zr(OnPr), (ZNP). Complete re-
moval of 1-propanol was checked by FTIR spectrometry, by the ab-
sence of the OH stretching band from the alcohol (Figure S1). The
water content of all oxygen donors was measured by Karl Fischer
titration and, if necessary, they were dried over molecular sieves to
ensure adequate drying (<10 ppm H,O for Ac,O, DIPE; <20 ppm
for ACE, MPK, AcPh; <50 ppm H,O for EtOH, BnOH). Toluene
(Sigma-Aldrich, 99.7%) and dichloromethane (Sigma-Aldrich,
99.8%) were dried over a PureSolve MD5 solvent purification
system (H,O < 10 ppm, controlled with by Karl Fischer titration).
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Synthesis of ZrO, materials

ZrO, samples were prepared from Zr(OnPr), (ZNP) or ZrCl, (ZCL)
using different O-donors: acetic anhydride (Ac,0), benzyl alcohol
(BnOH), acetophenone (AcPh), 2-pentanone (MPK), acetone (ACE),
ethanol (EtOH), or diisopropylether (DIPE). The amounts of precur-
sor, O-donor and solvent (if any), the reaction temperature and re-
action time are summarized in Table 1 in main text.

Samples from Zr(OnPr),: In a typical synthesis (ZNP-BnOH 200/24),
BnOH (10 mL, 96 mmol) was slowly added to 5.3 mmol (1.74 g) of
purified Zr(OnPr), (without 1-propanol). After stirring for 5 min, the
resulting solution was transferred to a 23 mL stainless steel auto-
clave (Parr Instruments) with a PTFE lining. To avoid water, these
manipulations were carried out in a glovebox under argon atmos-
phere (<10 ppm of water and O,). The sealed autoclave was then
heated at 200°C for 24 h in an oven, under autogenous pressure.
After reaction, the liquid phase (syneresis liquid) was immediately
collected for Karl Fischer and NMR characterization. The gel was
thoroughly washed with ether (5x30 mL), EtOH (5x30 mL) and
acetone (5x30 mL). Then, it was dried under vacuum (100 Pa) at
120°C for 5 h. Part of the xerogel was kept for characterization, the
rest was calcined in a muffle furnace at 500°C (heating rate
10°Cmin~") for 5 h in ambient air. The final oxide was ground into
a fine powder for characterization.

To study the influence of water in the solvothermal aging of the
gels, two gels were prepared as described above (ZNP-Ac,0O 200/
36 and ZNP-ACE 200/12). However, after opening the autoclave,
the gels were washed 3 times with dry toluene, then put in an au-
toclave with 10 mL of toluene containing 2 wt% (20 000 ppm) of
water. The autoclaves were then sealed and heated at 200°C for
36 h (ZNP-Ac,0 200/36) or 12 h (ZNP-ACE 200/12). After heating,
the gels were washed, dried and calcined as described above to
give ZNP-Ac,0 200/36-W200/36 and ZNP-ACE 200/12-W200/12.

Samples from ZrCl,: To ensure complete dissolution of ZrCl,, high
purity (>99.9%) ZrCl, was stirred with the O-donor and the solvent
(if any) for 30 min. In the case of alcohol O-donors (EtOH, BnOH)
the reactants (and solvent, if any) were mixed for 30 min outside
the glovebox in a Schlenk tube connected to a Schlenk line under
argon to avoid evolution of HCl inside the glovebox. After reaction
the gels were washed 3 times with 50 mL CH,Cl,, otherwise the
protocol was the same as for the samples prepared from Zr(OnPr),.

Characterization

Powder X-ray diffraction (XRD) patterns were collected with a PAN-
alytical X'Pert Pro MPD diffractometer with the CuKa radiation be-
tween 20 and 70° (20), with a step of 0.05°. The volume percent-
age of t-ZrO, phase (%t-ZrO,) was calculated from the ratio y calcu-
lated from the areas of the (101) peak of t-ZrO, and of the (—111)
and (111) peaks of m-Zr0,,*” according to:

% = 1(101)/[1,(101) + 1, (111) + [, (=111)]
%t-2r0, = [1.311y/(1 4+ 0.311y)] x 100 %)

The areas of the different peaks were measured using the X'Pert
HighScore software, by deconvolution of the ka1 line. The crystal-
lite size was calculated using the same software. Fourier-transform
infrared (FTIR) spectra were collected in ATR mode on a Spectrum
Il PerkinElmer spectrometer. Scanning electron microscopy (SEM)
images were obtained with a Hitachi S-4800 electron microscope.
High-resolution transmission electron microscopy (TEM) images
were obtained using a JEOL 2200FS-200 kV instrument. Nitrogen
physisorption isotherms were measured at 77 K with a Micromet-
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rics Triflex apparatus; the specific surface area was determined by
the BET method, the pore size distribution in the 2 to 100 nm
range by the BJH method from the desorption branch. 'H and
3C NMR spectra in solution were recorded using a Bruker AVANCE
400 MHz spectrometer. The water content in the syneresis liquid
was measured on a coulometric Karl Fischer titrator (SI-Analytics Ti-
troLine KF 7500 KF Trace), using the Hydranal Coulomat AK re-
agent for ketones O-donors and Hydranal Coulomat E reagent for
all other O-donors.

Supporting information available

FTIR spectra, N, physisorption isotherms, 'H and "*C NMR spectra
of syneresis liquids.
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