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Supporting Information

ABSTRACT: In this work, the phase purity and size of zirconia nanocrystals samples were 

studied in terms of zirconium concentration, added water content and subsequent use of a post 

solvothermal treatment. The progressive tetragonal-to-monoclinic transformation of zirconia 

sample was observed to be strongly related to the water content of the alcoholic medium. But 

more surprisingly, it has been shown that even under initially anhydrous conditions and for 

particle size below 5 nm, the phase purity of the samples was deteriorated by a side-reaction of 

alcohol dehydration catalyzed by the surface of the nanoparticles (NPs). Since the phase 

transformation is essentially driven by the water content of the reaction mixture, we have shown 

that it was possible to recover an excellent phase purity without the help of any usual dopants 
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by adding a strong alkaline desiccating agent. Provided that a sufficient sodium to zirconium 

ratio was ensured, the formation of the monoclinic phase was not observed whatever the 

zirconium precursor concentration. The effectiveness of this cure was related to the ability of 

sodium metal to generate reactive alkoxide able to neutralize water and to catalyze an 

alternative sol-gel mechanism leading to the formation of the t-ZrO2 NPs.

I. INTRODUCTION

Zirconia ZrO2 is a ceramic oxide with three usual polymorphs at standard pressure, i.e., 

monoclinic (m), tetragonal (t), and cubic (c). In the bulk, zirconia is stable as the monoclinic 

phase at room temperature and then, as the temperature increases, it transforms into the 

tetragonal phase (1170°C<T<2370°C) and, eventually, into the cubic phase above 2370°C.1 

The cubic phase has the fluorite structure, and the other polymorphs are distorted versions of 

this structure. Zirconia finds application in many technologies, e.g. solid-state gas sensors, 

electrolytes for solid oxide fuel cells, thermal barriers, structural material, catalysis...2-5 In most 

of these applications, zirconia must be stabilized at room temperature in the tetragonal or cubic 

form. This can be achieved by two methodologies: (i) by incorporating cation dopants – the 

inclusion of a divalent, trivalent or tetravalent cation of a size different from that of Zr4+ (e.g. 

Mg2+, Ca2+, Y3+, Ce4+) induces the apparition of oxygen vacancies that stabilizes the high 

symmetry phases; and (ii) by limiting the crystallite size below the critical size which induces 

the stabilization of the metastable polymorph at room temperature due to differences in surface 

energies.1,6-9 Garvie predicted that pure ZrO2 could be stabilized in the tetragonal structure at 

room temperature when the spherical particle size is less than 30 nm. Such effect has been 

experimentally shown by many authors.10-14 As a catalyst, ZrO2 has been selected due to its 

specific amphoteric behavior and large thermal stability in order to catalyze reactions including 
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the dehydration and dehydrogenation of alcohols, hydrogenation and isomerization of olefins. 

Among the usual polymorphs, the tetragonal polymorph t-ZrO2 is believed to possess the 

highest catalytic activity.15-21

For the preparation of inorganic materials with well-defined morphologies, soft chemistry 

syntheses are preferred to the solid-state chemistry methodology. Over the past two decades, 

several chemical methods have been developed for the preparation of zirconia nanocrystals, 

including sol-gel, thermal decomposition, aqueous precipitation with or without hydrothermal 

treatment, and recently a two-phase approach based on the phase transfer and a separation 

mechanism.22 Another possible general method is the nonhydrolytic sol-gel route successfully 

employed in the presence of surfactant by Joo et al. or via a glycothermal treatment by Inoue 

et al. or via a surfactant-free route by Garnweitner et al..23-27 There are many ways to prepare 

ZrO2 particles, but solvothermal methods have attracted more attention in recent years, 

especially the benzyl alcohol route, which is a surfactant-free but solvent-controlled route 

enabling the production of high purity compounds with good control over the particle size, the 

surface properties, and the assembly behavior.28

During the solvothermal synthesis of nanoparticles, even if the precursors, the additives and 

the solvent are water-free, it is not impossible that some water is produced by secondary 

reactions and mainly contributes to the formation mechanism of the final oxide nanoparticles; 

indeed, the presence of water has been detected in various chemical systems and authors prefer 

thus to refer to the denomination of nonaqueous sol-gel route.29-34 Moreover, the produced-

water is known to be able to activate the condensation of metallic precursors or clusters and to 

initiate the crystallization of metal oxide nanoparticles. Only a few articles are focused on the 

potential effect of water during synthesis and studied its influence on the precursor 

condensation, the size of the final nanoparticles and more importantly, the polymorphic variety 

that results.35
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In this paper, we present the effect of in-situ formation of water, which degrades the phase 

purity and the size control of zirconia nanoparticles obtained by the nonaqueous benzyl alcohol 

route developed by Garnweitner.26 In a first part, we investigate the effect of the zirconium 

precursor concentration, the water content intentionally introduced into the reaction mixture 

and finally, the subsequent addition of a post-solvothermal treatment onto as-synthesized NPs. 

In a second part, we study the use of a reactive sodium alkoxide as an effective cure against the 

detrimental effect of water on the sample phase purity. The possible roles of sodium cations 

and alkoxide species are finally discussed and taken in account to propose an original NP 

formation pathway.

II. EXPERIMENTAL SECTION

All chemicals were stored and used as received in a dried-air flow glovebox. Water in the 

solvents was titrated by the Karl Fischer method and all the solvents were found to be strictly 

anhydrous. For the solvothermal treatment, Berghof digestion bombs were used with 25 mL 

inner volume Teflon cup.

Two series of samples have been synthesized and differ essentially by the presence or absence 

of a sodium precursor. The experimental conditions are summarized in Table 1. The first series 

of samples was prepared by introducing 1, 4 or 32 mmol of zirconium isopropoxide isopropanol 

adduct [Zr(OiPr)4∙HOiPr]2 (Aldrich, 99.9%) and 12.5 mL of anhydrous benzyl alcohol BnOH 

(Aldrich, 99.8% anhydrous) into a Teflon reactor. For selected cases, the syntheses were 

repeated in aqueous conditions with the use of a mixed solvent (deionized water and benzyl 

alcohol) in replacement of pure anhydrous benzyl alcohol. In addition, the effect of a 

solvothermal post-treatment for 48 hours at 210°C in anhydrous or partially benzyl alcohol 

medium, namely with an aqueous fraction of 5, 20 and 50 vol.%, was tested on nanoparticles 

prepared with the initial anhydrous conditions. The second series of samples were produced via 
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an alternate procedure consisting in adding the predissolution step of a sodium precursor, 

namely sodium metal Na (Alfa Aesar, 99.95%), sodium isopropoxide NaiOPr (Alfa Aesar, 

99%) or sodium chloride NaCl (Alfa Aesar, puratronic 99.998%). It is important to note that 

unlike NaiOPr which is soluble for a concentration of 0.20 mol.L-1, NaCl is only poorly soluble 

into benzyl alcohol and was directly added to the initial zirconium alkoxide benzyl alcohol 

mixture. The dissolution of sodium metal in benzyl alcohol (BnOH) occurred at room 

temperature under the slow release of hydrogen gas as it is shown in the following redox 

reaction:

𝑁𝑎(𝑠) + 𝐵𝑛𝑂𝐻(𝑙) → 𝑁𝑎𝑂𝐵𝑛(𝑠𝑜𝑙𝑣) +
1
2 𝐻2(𝑔)

NaCl and NaiOPr were used with a solute concentration of 0.20 mol.L-1 whereas the sodium 

benzoxide solution produced in the case of sodium metal and benzyl alcohol was studied for 

various concentrations, i.e. 0.05, 0.10, 0.20, 0.40 or 1.00 mol.L-1. A volume of 12.5 mL of the 

prepared sodium-based solution was then used as solvent in addition to zirconium isopropoxide 

isopropanol adduct (4 mmol).

Whatever the initial reaction mixture (series 1 or 2), the Teflon reactor was inserted and sealed 

into the inox steel bomb, and heated up to 210°C for 48 hours via a pre-heated isothermal 

apparatus disposed on a hot plate. After cooling, the milky suspension was centrifuged and the 

precipitate was washed three times thoroughly with 20 mL anhydrous ethanol, dispersed in 

dichloromethane and finally air-dried over the night at room temperature.

The obtained samples were characterized by the following techniques: X-ray powder 

diffraction (XRD), transmission electron microscopy (TEM), selected area electron diffraction 

(SAED), thermogravimetric analysis (TG), 1H- and 13C-based nuclear magnetic resonance 

(NMR) in the case of the study of the supernatant diluted in DMSO-d6 and elemental analysis 

using inductively coupled mass spectroscopy (ICP-MS). The XRD diagrams of all the samples 
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6

were collected using a Brucker D8 Advance diffractometer, operating in the Bragg-Brentano 

configuration using Cu Kα1 radiation (λ = 1.54 Å) from 10° to 110°. The size, morphology and 

distribution in size of the samples were analyzed using a JEOL JEM-2100F microscope at an 

accelerating voltage of 200 kV. Specimens for the TEM studies were prepared by depositing a 

drop of diluted suspensions onto a 400 mesh copper grid, coated with an ultrathin lacey carbon 

film. Prior to deposition, the suspensions were sonicated for 2 min to avoid excessive 

aggregation and diluted into dichloromethane (CH2Cl2) in the presence of oleic acid. The 

thermogravimetric analyses were performed on a Netzsch instrument (model STA 449F3, 

Germany) and carried out from 25°C to 800°C at a heating rate of 10°C.min-1 in flowing argon 

gas (20 mL.min-1). ICP-MS was accomplished using a Perkin-Elmer Sciex Elan 6100 

instrument to evaluate the relative amount of sodium compared to zirconium. Prior to the 

elemental analysis, the nanoparticles were first calcined at 900°C and then dissolved using a 

microwave-assisted digester in the presence of concentrated sulfuric, nitric and hydrofluoric 

acids. The resulted solutions were then diluted in the presence of boric acid to enhance the 

solutions stability. 

Table 1. Experimental conditions used for the synthesis of zirconia nanoparticles prepared at 

210°C for 48 hours with zirconium isopropoxide-isopropanol adduct in anhydrous benzyl 

alcohol (or aqueous benzyl alcohol), monoclinic phase content and average nanoparticles size.

[Zr] Sodium 
source [Na] [Na]/[Zr] Added 

water
Solvothermal 
post-treatment

m-ZrO2 
content

NPs 
size

(mol.L-1) (mol.L-1) (vol.%) Temp./time
water 

content 
(vol.%)

(wt.%) (nm)

0.08 none 0 0 0 none none 37 3.3

0.32 none 0 0 0 none none 44 3.7

1.28 none 0 0 0 none none 74 4.5

0.32 none 0 0 5 none none 51 5.2
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0.32 none 0 0 10 none none 59 6.5

0.32 none 0 0 20 none none 58 7.0

0.32 none 0 0 0 210°C/48h 0 41 3.7

0.32 none 0 0 0 210°C/48h 5 57 3.9

0.32 none 0 0 0 210°C/48h 20 84 4.3

0.32 none 0 0 0 210°C/48h 50 89 5.0

0.32 Na metal 0.05 0.156 0 none none 40 3.7

0.32 Na metal 0.10 0.312 0 none none 23 3.4

0.32 Na metal 0.20 0.625 0 none none 0 3.2

0.32 Na metal 0.40 1.25 0 none none 0 4.8

0.32 Na metal 1.00 3.125 0 none none 0 -

0.32 NaOiPr 0.20 0.625 0 none none 0 -

0.32 NaCl 0.20 0.625 0 none none - -

1.28 Na metal 0.20 0.156 0 none none - -

1.28 Na metal 0.80 0.625 0 none none 0 -

III. RESULTS AND DISCUSSION

III.1. Detrimental effect of water on zirconia nanocrystals

a) Effect of zirconium isopropoxide concentration on sample phase purity

Three syntheses were carried out in anhydrous benzyl alcohol with different amounts of 

zirconium isopropoxide isopropanol adduct of respectively 0.08, 0.32 and 1.28 mol.L-1. The 

XRD diagrams of the samples are shown in the Figure 1. The three samples are clearly 

crystallized and the peak broadening indicates the nanocrystalline nature of the particles. For 

the sample obtained with the lowest concentration (Figure 1(a)), the main peaks can be 

attributed to the tetragonal phase, denoted here t-ZrO2, (space group P42/nmc - JCPDS 00-050-

1089). However, since the tetragonal phase of zirconia is slightly distorted with respect to the 
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fluorite cubic phase (for bulk ZrO2, the c/a ratio is only 1.023, very close to the cubic ideal 

value of 1.0) it is very difficult to distinguish between these the tetragonal phase and a pseudo-

cubic one. The extra peaks at 2θ = 24.0°-24.5°, 40.7°-41.3° and 44.8°-45.5° unambiguously 

evidences the presence of the monoclinic polymorph m-ZrO2 (Baddeleyite P21/a – JCPDS 00-

037-1484) which cannot explain by itself all the peaks of the diagram. Moreover, the peaks 

intensity of m-ZrO2 is becoming more pronounced as the concentration of zirconium 

isopropoxide increases from 0.08 up to 1.28 mol.L-1 (Figure 1(a-c)).

Figure.1. X-ray diffraction patterns of ZrO2 nanoparticles prepared by the Na-free benzyl 
alcohol sol-gel route with various zirconium isopropoxide concentrations of (a) 0.08 mol.L-1, 
(b) 0.32 mol.L-1 and (c) 1.28 mol.L-1. Also shown are the estimated size and t-ZrO2 weight 
fraction (inset). 

In order to determine the average crystallite size and to evaluate the relative proportion of 

each phases, a Rietveld refinement was performed for the three samples. Due to the large peaks 
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broadening and overlap the refined peak profile and width parameters were constrained to be 

equal during the calculation assuming the same particle size for both t- and m-ZrO2 phases. 

This assumption on the crystallite size will be accredited by the TEM study of the sample. The 

addition of microstrains is not needed to perform the Rietveld refinement. An example of 

refinement is given in the Figure 2(a) and the global results are gathered in the Table 1. The 

average crystallite size was found to be 3.3 nm (37 wt.% of m-ZrO2), 3.7 nm (44 wt.% of m-

ZrO2) and 4.5 nm (74 wt.% of m-ZrO2) for the concentration of 0.08 mol.L-1, 0.32 mol.L-1 and 

finally 1.28 mol.L-1 respectively. These results indicate a significant and strong dependence of 

the precursor concentration on the resulting nanoparticle size and the relative fraction of each 

polymorphs. Even the use of a quite low concentration in zirconium isopropoxide is not 

sufficient to guaranty a good phase purity of the resulting nanoparticles. TEM investigation was 

undertaken on the sample prepared with a nominal zirconium isopropoxide concentration of 

0.32 mol.L-1; the Figure 2(b) corresponds to the analysis of the wet particles dispersed onto an 

ultra-thin carbon membrane. The overview micrograph of the grid at intermediate magnification 

illustrates that the wet particles entirely consist of monodisperse objects measuring a few 

nanometers. The inset image exhibits a crystallized nanoparticle measuring 3.8 nm. The average 

particle diameter measured on the large overview is estimated to 3.5 +/- 0.5 nm and close to the 

Rietveld calculation.
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10

Figure.2. Rietveld refinement of the XRD pattern of the sample prepared by the Na-free benzyl 
alcohol sol-gel route with a nominal concentration in zirconium isopropoxide of 0.32 mol.L-1 
(a) and TEM micrograph of the wet nanoparticles dispersed onto a ultra-thin carbon membrane 
(inset: HRTEM view of a single crystallized nanoparticle) (b). 

Niederberger and coworkers have shown that the investigation of nanoparticle formation has 

to be considered from both the inorganic and the organic sides. In that perspective, the 

supernatant liquid corresponding to the reference 0.32 mol.L-1 sample was collected after 

centrifugation and subjected to 13C- and 1H-NMR analyses revealing the major presence of 

benzyl alcohol and isopropanol, and in smaller amounts the presence of benzyl and diisopropyl 

ethers and water (Figure.S1. in supporting information). The presence of ethers is consistent 

with the results of Garnweitner et al. indicating that the main source for zirconia formation is 

an ether-elimination condensation mechanism.26 Besides the residual alcohols and the resulting 

ethers, the presence of water is quite surprising for a nonaqueous solvothermal route based on 

an aprotic condensation reaction and was confirmed by a positive copper (II) sulfate test. Since 

the main condensation mechanism proposed by Garnweitner et al. is a two-step process 

involving ligand exchange reaction in the presence of large excess of benzyl alcohol and 

second, aprotic ether-elimination, no formal water can be released and no hydroxyl group 

appears during the formation of the oxidic network. Among the other possible condensation 

reactions that have been observed and referenced by Niederberger, just a few of them occur via 
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the formation of hydroxylated species and thus the possible release of water, i.e. either the 

thermal decomposition of isopropoxide ligands, metal halide reaction with alcohols, aldol 

condensation or the C-C coupling of isopropoxide ligand with benzyl alcohol analogously to 

what occurs in Guerbet reaction. In the absence of zirconium halide or ketones, we can restrain 

the perimeter to thermal decomposition and C-C coupling reactions.34 Since the thermal 

decomposition of metal alkoxide necessitates the use of a temperature as high as 350°C, we can 

exclude such eventuality in our case. The C-C coupling of benzyl alcohol and isopropoxide 

ligand resulting in the formation of hydroxylated species cannot be evocated to supply the 

formal water because on the one hand zirconium alkoxides are not known to exhibit a high 

Lewis acidity contrary to yttrium cation and on the other hand no coupling products of isopropyl 

and benzyl alcohol (e.g. 4-phenyl-2-butanol) were found in the supernatant.36-38

If water is not produced by the condensation reaction leading to the formation of the zirconia 

nanoparticles, it is necessary to take in account some plausible parasitic reactions with the 

solvent. Commonly the alcohols dehydrate in the presence of a strong acid to form either ethers 

at low temperatures, e.g. Williamson ether synthesis, or alkenes at higher temperatures. Inspired 

by the work of Kotestkyy, we propose that the water could also originate from the dehydration 

of the alcoholic medium mediated by the catalytic properties of the growing surface of the 

zirconia nuclei or surface of zirconia nanocrystals.39 Kotestkyy et al. proposed the following 

sequence in the case of the Lewis-acid catalyzed dehydration of simple alcohols on various 

simple metal oxide like TiO2, ZrO2 and γ-Al2O3: (i) alcohol adsorption on the Lewis acid metal 

site, (ii) β-hydrogen transfer to a surface O, (iii) alkene formation and desorption, (iv) water 

formation, desorption and catalyst regeneration. In the present case, intermolecular dehydration 

for benzyl alcohol and inter- and/or intramolecular dehydration for isopropanol could be 

evocated to argue the release of water during the solvothermal treatment.40-41 Since ethers were 

found in minor proportion in the supernatant we can exclude the intermolecular dehydration of 
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12

alcohols and focus our attention on the intramolecular dehydration of isopropanol supported by 

the nanoparticle surface. Isopropanol provided by the isopropoxide-isopropanol adduct or 

issued from the ligand exchange reaction with benzyl alcohol seems to interact with an acid-

base couple site of the oxidic catalyst, namely the zirconia nanoparticles, to dehydrate into water 

and volatile propene which eliminates at the opening of the reactor.

b) Detrimental effect of water on sample purity

In order to investigate whether the presence of in situ water has a significant impact on the 

stabilization or the formation of the monoclinic polymorph of zirconia in the final product, we 

decided to perform two series of experiments: (i) an intentional addition of water into the initial 

reaction mixture, (ii) a subsequent solvothermal treatment of the as-synthesized wet 

nanoparticles in regenerated anhydrous or partially hydrated benzyl alcohol.

The first series of syntheses were performed with the preliminary addition of 5, 10 and 20 

vol.% of deionized water in benzyl alcohol. The XRD diagrams of the resulting samples are 

gathered in the Figure 3. By increasing the content of water in the initial reaction mixture, we 

observe a modification in the peak broadening and the clear emergence of the monoclinic 

signature. Rietveld refinements were done to evaluate the average crystallite size and the phase 

composition of the samples. A significant increase in the nanoparticle size from 3.7 nm up to 

7.0 nm is observed when 20 vol.% is added in benzyl alcohol but the nanometric nature of the 

samples appears to be maintained despite the presence of water in the initial reaction mixture. 

With regards to the respective fraction of each polymorph within the samples, the action of the 

added water into the initial reaction mixture and in particular the influence of its content seem 

to be a more modest factor than that of the concentration of alkoxide seen previously in the 

section III.1.a). Indeed, the phase distribution is not greatly disturbed and the proportion of m-

ZrO2 nanocrystals increases from 44% to 51% when 5 vol.% water is added, then reaches 59% 
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with a water addition of 10 vol.%, and no longer evolve in the case of a water addition of 20 

vol.%. The applied parameters do not permit a full production of m-ZrO2 nanocrystals. In the 

work of De Keukeleere et al., in which the syntheses were performed with an extremely short 

reaction time and a low concentration of 0.13 mol.L-1 for zirconium isopropoxide, no drastic 

change into the crystal phase was noticed for a water volume ratio of 11 vol.%.35 Nevertheless, 

we can distinguish in their diagram the raise of a minor impurity corresponding to m-ZrO2, 

especially at 24-24.5° and at 28° at the bottom of the main broad peak of c-ZrO2. We have to 

note that the use of a low concentrated mixture and a short reaction time which reduces de facto 

the in-situ ageing time of the nanoparticles in the presence of water could be the reason why 

the crystal change is not enough noticeable in their case.
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Figure.3. X-ray diffraction patterns of ZrO2 nanoparticles prepared by the Na-free benzyl 
alcohol sol-gel route in the presence of deionized water, i.e. anhydrous (a), 5 vol.% (b), 10 
vol.% (c) and 20 vol.% (d) . Also shown are the estimated size and t-ZrO2 weight fraction 
(inset).

The initial presence of water into the reaction mixture essentially induces a growth of the 

nanoparticles and affects to a lesser extent the polymorphic distribution of the sample showing 

that the hydrolytic sol-gel reactions are activated and able to absorb a certain hydration of the 

medium. It is not possible to conclude precisely on the effect of the presence of water during 

the synthesis and especially the formation of the nanocrystals because the metal precursor 

modification toward inorganic clusters, the nucleation of the oxidic material, the particle growth 

and finally the ageing of the particles are not distinguishable but overlapped steps. We can just 

underline that the presence of water by means of its ionizing, dispersing and solvating actions 

will drastically modify the surface chemistry of the particles.

To assess the effect of a forced ageing in anhydrous or partially aqueous medium, as-

synthesized wet particles were submitted to a subsequent solvothermal post-treatment for at 

least 48 hours at 210°C. The reaction medium of the second treatment consisted of either 

anhydrous benzyl alcohol or a mixture of benzyl alcohol and deionized water in volume ratios 

of 5, 20 and 50 vol.%. The resulting aged-powders were analyzed by XRD and the results are 

summarized in the Figure 4. The witness experiment obtained after a second treatment in 

anhydrous benzyl alcohol certifies that the anhydrous solvothermal post-treatment has only 

minor effect on the phase purity since the proportion of m-ZrO2 nanocrystals is around 41 wt.% 

and almost the same than at the end of the initial solvothermal treatment. The particle size of 

the crystalline sample is evaluated at 3.7 nm and just reflects a small crystallite growth. Once 

water is added for the solvothermal post-treatment, the XRD diagrams show that the presence 

of water into the mixture plays a key role in the monoclinic content of the aged-particles. Indeed 

5 vol.% of water as co-solvent appears to be sufficient to modify the nature of the sample and 
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thus to change the shape of the diffraction pattern including the shoulder evidenced at 28°. The 

proportion of m-ZrO2 nanocrystals reaches almost 57 wt.%. When the water content reaches a 

value of 20 vol.% the sample appears to be largely consisting of crystalline nanoparticles of 

monoclinic variety; indeed, the proportion of m-ZrO2 nanocrystals is around 84 wt.%. Post-

treatment in the presence of a large quantity of water (50 vol.%) does not change the particle 

size of the monoclinic phase neither the purity of the phase since the proportion of m-ZrO2 

nanocrystals is around 89 wt.% probably due to the fact that water and benzyl alcohol are only 

partially miscible even at 210°C and this limits the hydrolysis of the organophilic particles.

Figure.4. X-ray diffraction patterns of ZrO2 nanoparticles after a solvothermal post-treatment 
in a mixture of benzyl alcohol and deionized water with volume ratios of 0, 5, 20 and 50 vol.% 
(a-e). Also shown are the estimated size and t-ZrO2 weight fraction (inset).
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Those results, i.e. the effect of the presence of water in the initial reaction mixture and/or 

effect of a subsequent solvothermal post-treatment in hydrated medium, suggest that the 

biphasic nature of the reference sample synthesized in anhydrous benzyl alcohol with a nominal 

zirconium isopropoxide concentration of 0.32 mol.L-1 is essentially due to the side dehydration 

reaction of isopropanol and to the release of water during the solvothermal treatment. We 

evidenced a water-induced phase conversion of the t-ZrO2 into m-ZrO2 nanoparticles which 

overpasses the stabilization offered by the critical size effect evidenced by Garvie. Xie et al. 

found that pure t-ZrO2 nanocrystals exhibiting large surface area underwent a tetragonal-to-

monoclinic transformation of about 78% after 12 hours of immersion in liquid water or aqueous 

vapor at 25°C.8 Moreover, the transformation was not accompanied by any particle growth or 

surface area change. From these observations, they attributed the origin of this polymorphic 

transformation to a decrease in the driving force initially responsible for the room temperature 

stabilization of t-ZrO2. They concluded that under water exposure, the hydration of the 

nanoparticle surface leads to a significant decrease of the difference in surface free energy 

between the two polymorphs and thus to a strong decrease of the critical size.

Such a transformation was probably not detected by Garnweitner et al. and De Keukeleere et 

al. because they synthesized their samples at lower zirconium precursor concentrations than 

those selected in this study and especially for De Keukeleere et al. with a fast and effective 

microwave solvothermal treatment.25,35,38 We can conclude that the water-induced phase 

conversion is clearly dependent on the water content of the reaction mixture but also on the 

reaction time of the solvothermal treatment since some organic ligands cover the nanoparticles 

surface and slow down the process. The largest fraction of m-ZrO2 nanoparticles evidenced in 

the sample prepared with the highest zirconium alkoxide concentration of 1.28 mol.L-1 could 

be explained by: (i) the formation of a large number of nanoparticles per volume unit, (ii) the 
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development of a large surface capable of catalyzing isopropanol dehydration, (iii) the release 

of a large content of water and thus, (iv) the extensive tetragonal-to-monoclinic transformation 

induced by the highest water content. 

It is well known to date that depending on its crystalline polymorphs, zirconia can be used in 

numerous applications like oxygen sensors, gate dielectrics and bioactive coatings. For 

example, the catalytic conversion of syngas will lead either to ethanol or to isobutanol 

depending on whether they are tetragonal or monoclinic polymorphs. It is therefore crucial to 

be able to obtain single phase and crystalline nanoparticles. Whereas De Keukeleere and 

coworkers have developed a fast and tunable synthesis of ZrO2 nanocrystals limiting the 

eventuality of water-induced phase conversion, we propose another strategy which enables the 

production of pure t-ZrO2 nanoparticles whatever the precursor and its concentration selected 

for the synthesis.

III.2. Water-free production of t-ZrO2 nanocrystals

In order to avoid the detrimental effect of water on the phase purity of nanocrystals 

synthesized by the benzyl alcohol route, we decided to introduce a sodium source in the form 

of sodium metal. Indeed, it was found in the literature that alkali cations covering zirconia 

catalyst are susceptible to inhibit zirconia-catalyzed alcohol dehydration.42 Moreover, sodium 

alkoxides issued from the dissolution of sodium metal are able to neutralize traces of water and 

give another chance to limit and to trap any water molecules that may appear during the 

synthesis. This method firstly proposed by Kyrides et al. has proven to be a suitable procedure 

for dehydration of an alcoholic medium.43 The reactions occurring during the process are 

represented as follows:

𝑁𝑎(𝑠) + 𝑅𝑂𝐻(𝓁) → 𝑁𝑎𝑂𝑅(𝑠𝑜𝑙𝑣) +
1
2 𝐻2

(𝑔)
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𝑁𝑎𝑂𝑅(𝑠𝑜𝑙𝑣) + 𝐻2𝑂(𝑠𝑜𝑙𝑣) ⇄ 𝑁𝑎𝑂𝐻(𝑠𝑜𝑙𝑣) + 𝑅𝑂𝐻(𝑠𝑜𝑙𝑣)

The experimental protocol was simply modified by including a preliminary step of sodium 

metal dissolution in benzyl alcohol at room temperature for at least 30 minutes. This transparent 

sodium benzoxide solution is then used for the rest of the synthesis conformingly to the protocol 

exposed in the experimental section.

a) Effect of sodium-to-zirconium molar ration on sample purity

In this part, the influence of the nominal sodium content used to generate the sodium 

benzoxide species is first studied in the case of a zirconium isopropoxide concentration of 0.32 

mol.L-1 and then developed for extremely high zirconium isopropoxide concentration of 1.28 

mol.L-1 in order to illustrate the exceptional efficiency of the proposed method.

In the case of a zirconium isopropoxide concentration of 0.32 mol.L-1, we found a strong 

dependence of the sample purity by varying the content of sodium metal from 0, 0.05, 0.10, 

0.20, 0.40 and 1.0 mol.L-1 as it is shown in the Figure 5. Up to a concentration of 0.10 mol.L-1 

in sodium, the presence of m-ZrO2 polymorph is still discernable but tends to vanish since the 

fraction of m-ZrO2 decreases from 44 wt.% to 40 wt.% for a sodium concentration of 0.05 

mol.L-1 and to 23 wt.% for a sodium concentration of 0.10 mol.L-1. From 0.20 to 0.40 mol.L-1, 

the final sample is only characterized by the presence of the t-ZrO2 phase while a secondary 

phase appears for a high molar ratio in sodium of 1.0 mol.L-1. It is important to indicate that the 

content of sodium benzoxide species strongly impacts the purity of the final zirconia sample 

but also promotes the crystalline growth. Indeed, the particle size is 3.2 nm for a sodium 

concentration of 0.20 mol.L-1 and reaches 4.8 nm when a sodium concentration of 0.40 mol.L-

1 is applied. At last, an excessive addition of sodium causes the appearance of an extra 

compound attributed to sodium zirconate, Na2ZrO3 jointly to the narrowing of the Bragg 
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reflections of the zirconia nanoparticles indicating that the reaction mixture and especially the 

by-products have an activated action on the particle growth.

Figure.5. X-ray diffraction patterns of ZrO2 nanoparticles prepared with [Zr]=0.32 mol.L-1 by 
the Na-based benzyl alcohol sol-gel route as a function of the Na content (mol.L-1) in the 
reaction mixture. The stars underline the characteristic peaks of Na2ZrO3 signature. Also shown 
are the estimated size and t-ZrO2 weight fraction (inset).

From 0.10 up to 0.40 mol.L-1, the samples are single phased and one can observe together 

with the disappearance of the monoclinic polymorph a slight decrease in the peak broadening 

of t-ZrO2 indicating that the best compromise between the polymorphic selection and the grain 
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growth limitation seems to be a concentration of 0.20 mol.L-1 in sodium metal for a zirconium 

isopropoxide concentration of 0.32 mol.L-1. For this sample, the Rietveld refinement of the 

XRD diagram using the tetragonal symmetry gives an apparent size of 3.51 nm.

Another series of experiments was conducted in order to confirm the efficiency of the 

proposed experimental strategy to promote a good phase purity whatever the precursor content. 

The concentration in zirconium isopropoxide was increased by a factor 4 up to 1.28 mol.L-1 

with two different concentrations of sodium metal of 0.20 mol.L-1 and 0.80 mol.L-1 

corresponding to a sodium-to-zirconium molar ratio of around 0.15 and 0.62 respectively. The 

molar ratio of 0.62 corresponds to the sodium-to-zirconium ratio used in the case of the 

optimized sample prepared with zirconium isopropoxide at 0.32 mol.L-1 and sodium metal at 

0.20 mol.L-1 whereas the molar ratio of 0.15 corresponds to the sodium-to-zirconium ratio used 

in the case of the sample prepared with zirconium isopropoxide at 0.32 mol.L-1 and sodium 

metal at 0.05 mol.L-1.

The XRD diagrams of the resulting powders are gathered in the Figure 6. At first sight, the 

content of monoclinic phase seems to be dependent on the concentration of zirconium alkoxide 

and then on the concentration of isopropanol that can be released upon the dissolution of the 

precursor and the ligand exchange reaction. In the absence of alkaline species, a larger 

concentration of the isopropanol adduct leads to a larger content of monoclinic nanocrystals 

which confirms that the isopropanol dehydration is the predominant side-reaction responsible 

for the proportional phase conversion process. At high concentration in zirconium alkoxide, it 

is not possible to recover a single-phase sample by the use of sodium in 0.20 mol.L-1 

concentration as it was the case for the optimized Na-based t-ZrO2 sample but the Figure 6 

shows that the recovering of pure t-ZrO2 nanocrystals is possible by using a larger concentration 

of sodium of 0.80 mol.L-1. Such a concentration corresponds to a sodium-to-zirconium molar 

ratio of 0.62, similar to those that has been used in the optimized conditions for the Na-based 
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benzyl alcohol route, and shows that a minimal sodium-to-zirconium molar ratio comprised 

between 0.31 and 0.62 is necessary to counterbalance the effect of the release of in-situ water.

Figure.6. X-ray diffraction patterns of ZrO2 nanoparticles prepared by the benzyl alcohol route 
for two zirconium isopropoxide concentrations (0.32 or 1.28 mol.L-1) w/out sodium introduced 
at a [Na]/[Zr] ratio of 0, 0.15 or 0.62.

The crystallinity and morphology of the selected Na-based sample ([Zr]=0.32 mol.L-1 and 

[Na]=0.20 mol.L-1) were also confirmed by the TEM study displayed in the Figure 7. In the 

case of the washed and wet particles (Figure 7(a)), an overview image of the dispersion of 

nanoparticles on the TEM grid at low magnification illustrates that the sample prepared from 

the wet particles entirely consists of nanosized and monodisperse objects whereas the SAED 

analysis of the Figure 7(b) reveals some continuous and slightly diffuse diffraction rings 

corresponding to the tetragonal or cubic polymorph of zirconia. The last two images (Figure 
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7(c-d)) illustrate the isolated nature of the crystallized nanoparticles measuring around 3.0 nm 

whatever the way of TEM grid preparation by a wet or a dry process. The particles exhibit 

generally a more pronounced faceted-shape than the particles issued from the Na-free benzyl 

alcohol route. The alkaline medium and/or a possible change in the reaction pathway could be 

evocated in order to explain the more pronounced expression of crystallinity and the tailoring 

of faceted nanocrystals. Alkaline organic base or resulting hydroxide species after 

neutralization of water play a role of mineralizing agent favoring the solubility of surface ions 

imperfectly placed in the network and resulting in the exchange of these ions by others in order 

to achieve a crystal that would be gradually perfect.

Figure. 7. TEM micrographs of ZrO2 nanoparticles prepared by the Na-based benzyl alcohol 
route ([Zr] = 0.32 mol.L-1 and [Na] = 0.20 mol.L-1): (a) image of wet particles at low 
magnification, (b) diffraction rings of the corresponding wet particles, (c) and (d) images of 
dried particles.
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According to the literature, under alkaline reaction conditions or in some rare cases in the 

presence of metal precursors exhibiting a strong Lewis acidity, the reaction between metal 

alkoxides and alcohols undergoes a Guerbet-type C-C coupling rather than an ether 

elimination.34,36-37,42 To investigate a possible change in the condensation reaction, the 

supernatant liquid collected after centrifugation was subjected to 13C and 1H NMR analyses 

revealing the presence of the initial benzyl alcohol, isopropanol, minor presence of 

4-phenyl-2-butanol (β-ramified Guerbet alcohol) and the absence of water (Figure.S2. in 

supporting information). 

Since only minor quantity of 4-phenyl-2-butanol is found into the supernatant, the mechanism 

for the formation of M-O-M network is thus possibly based on C-C coupling and/or a direct 

hydroxylation of the metal alkoxide by NaOH which is a byproduct of the neutralization of 

water by sodium benzoxide.38 The Guerbet mechanism occurs via a complex sequence in 

several steps; namely, (i) dehydrogenation or oxidation of the alcohol to aldehyde, (ii) aldol 

condensation of aldehyde and enolate, (iii) dehydration of the aldol product, and, finally (iv) 

hydrogenation of the α,β-unsaturated ketone giving the Guerbet alcohol. According to the work 

of Kozlowski, even if the alkali metal activates slightly the dehydrogenation reaction of alcohol, 

sodium cations tend to disrupt the appropriate acid-base pairs on the surface of zirconia, inhibit 

the aldol condensation step and then limit the possibility for the chemical system to generate 

Guerbet alcohols.42

Finally, the addition of sodium metal to the benzyl alcohol at a concentration of 0.20 mol.L-1 

succeeded for a zirconium isopropoxide concentration of 0.32 mol.L-1 to eliminate the traces of 

water. Concerning the absence of water into the supernatant, two hypotheses or a combination 

of both can be proposed: either based on the proposition of Kyrides the acid-base neutralization 

of water occurs owing to the sodium benzoxide species and/or as it was proposed by Kozlowski 
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the inhibition of isopropanol dehydration onto zirconia nanoparticles is due to Na+ pollution all 

over the surface.42-43

b) Complementary experiments: localization of Na

To investigate how the modification of the benzyl alcohol route by the addition of sodium 

metal is acting and what specificities have to be taken in account, we have performed 

complementary experiments, namely ICP-AES, thermal analyses, and, FTIR spectroscopy.

According to the ICP-AES measurements, a weight fraction of approximately 0.08 in sodium 

has been measured in the sample prepared with the following conditions [Zr]=0.32 mol.L-1 and 

[Na]=0.20 mol.L-1. Although the weight fraction value is quite large, it could be explained by 

taking into account the large developed specific surface commonly found in the case of 

nanoparticles compared to those observed for larger micrometric systems. Even if the cations 

are supposed to be used for the surface covering of the particles, it is not excluded that a 

Na+-doping phenomenon occurs and stabilizes the t-ZrO2 phase. For both cases, Na-free or Na-

modified benzyl alcohol route, powders were submitted to thermal gravimetric analyses. 

Displayed in the Figure 8 the thermal gravimetric curves exhibit the same global feature 

composed of two main weight losses. The first weight loss is generally attributed to the 

evaporation of solvents and physically adsorbed molecules. From room temperature to 400°C, 

the weight loss is of about 8.4% for the sodium-free sample and 10.2% for the sodium-based 

sample. The second weight loss is detectable around 440°C for the sodium-free sample and 

estimated to 5.5%; such feature is usually attributed to the release of chemisorbed molecules, 

to the dehydration of hydroxyl and alkoxy groups and of course to the combustion of residual 

organics. In the case of the sodium-based synthesis, the second weight loss is shifted up to 

650°C and supposed to correspond to the decarbonation of a refractory intermediate compound, 
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possibly Na2CO3 which shall decompose at higher temperature around 650°C-750°C. The 

formation of sodium carbonate could occur at the surface of the nanoparticles due to air 

exposure at the end of the drying step, after the full removal of dichloromethane, followed by 

the acid-base reaction of carbon dioxide onto the surface of the particles. In order to support 

this hypothesis, FTIR analysis has been undertaken and the presence of carboxylate or 

carbonate species was evidenced in the dried powder. Indeed, the FTIR spectrum of the 

modified Na-based benzyl alcohol route exhibits two bands at 1550 cm-1 and 1430 cm-1 that 

can be attributed to the vibrational band of the carbonyl function of a carboxylate or carbonate 

group (Figure.S3. in supporting information).

Figure.8. TG curves of ZrO2 nanoparticles obtained (a) by a Na-free procedure and (b) by a 
Na-based procedure in air (10°C.min-1).

Even if the results indicate that the largest part of the sodium is located at the surface of the 

nanoparticles where it forms a carbonate compound, a possible Na+-doping phenomenon is not 

discarded. To highlight this questionable aspect we examine if the use of different sodium 

sources for the Na-modified benzyl alcohol route leads also to the stabilization of t-ZrO2 

nanoparticles. The last series of syntheses consisted to use and to compare the effect of different 

sodium sources, i.e. sodium metal (Na), sodium isopropoxide (NaOiPr) and lastly sodium 

chloride (NaCl) maintaining all the other parameters (210°C, 48 hours and [Zr]=0.32 mol.L-1 
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and [Na source]=0.20 mol.L-1). It is important to note that whereas sodium benzoxide or 

isopropoxide are some strong organic bases in nonaqueous amphiprotic medium like alcohols, 

chloride only expresses a weak Brønsted and borderline Lewis basicities. The XRD diagrams 

of the resulting samples are gathered in the Figure 9. By comparison with the Na-free sample, 

the Na- and the NaOiPr-based samples are exclusively composed of pure t-ZrO2 nanoparticles 

whereas the NaCl-based sample remains definitively biphasic in nature. This last result 

demonstrates that the presence of Na+ is not a sufficient factor to suppress the phase conversion 

of t-ZrO2 into m-ZrO2 phase contrary to what was observed in the Na-based- or NaOiPr-based 

benzyl alcohol syntheses.

Figure.9. X-ray diffraction patterns of ZrO2 nanoparticles prepared by the benzyl alcohol route 
w/out sodium-based reactant (Na, NaOiPr or NaCl) introduced at 0.2 mol.L-1.

It gives also an indirect evidence that the phase selection mechanism does not operate via a 

Na+-doping effect but much more likely via a complex interplay of at least two main factors, 
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i.e. the strong alkalinity of the anionic species appearing during the process and in a lesser 

extent the cationic capping of the nanoparticle surface inducing acid-base sites disruption.

III.3. Discussion

While the standard benzyl alcohol route of zirconium isopropoxide-isopropanol adduct based 

on an ether-elimination reaction leads to a biphasic mixture, the dissolution of sodium metal 

into anhydrous benzyl alcohol prior to the solvothermal treatment definitively plays a role of 

primary importance in order to obtain single-phase tetragonal nanocrystals. One important fact 

is that there was no difference in the average size estimated by Rietveld refinement or by TEM 

observation between both t- and m-ZrO2 nanocrystals which means that no size effect seems to 

govern the polymorph conversion and the synthesis of a biphasic sample.

The progressive disappearance of the monoclinic contribution into the samples was observed 

as to follow that of the increase in the sodium metal content or more precisely the increase in 

the sodium benzoxide content. Beyond a certain amount comprised between the molar 

concentrations of 0.10 and 0.20 mol.L-1 in sodium benzoxide, the content is large enough to 

neutralize the water appearing during the solvothermal treatment or to simply inhibit NP 

surface-catalyzed alcohol dehydration. The range of concentration corresponds to a sodium-to-

zirconium molar ratio between 0.31 and 0.62 with which the final mixture is found to be 

exclusively composed by some single-phase t-ZrO2 nanocrystals without any excessive particle 

growth.

Two synthesis schemes for both benzyl alcohol and sodium-modified benzyl alcohol routes 

are proposed in the Figure 10.
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Figure.10. Summary of the main reactions involved in the Na-free and Na-based benzyl alcohol 
routes.

The emergence of the m-ZrO2 nanocrystals in the case of the synthesis without or with only 

a low sodium content was attributed to the detrimental presence of in-situ water issued from a 

side-reaction as it is summarized in the top of the Figure 10. Such water is presumably released 

from a surface-mediated dehydration mechanism of the alcoholic medium due to the 

amphoteric, and especially acidic, properties of zirconia nanocrystals. More precisely, the 

correlation between the m-ZrO2 content and the concentration of the zirconium isopropoxide-

isopropanol adduct let us to think that the dehydration reaction essentially concerns the 

isopropanol molecules coming from the zirconium precursor or issued from the alcohol 
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exchange reaction with benzyl alcohol and leads to the release of volatile propene and water. 

The intentional addition of water into the reaction vessel as well as a post-synthesis retreatment 

of the freshly as-prepared particles in the presence of water has shown that the water degraded 

the purity of the samples and induced an effective phase conversion process proportional to the 

water content introduced into the reactor. Such observations have already been reported by 

Murase et al. who evidenced the transformation of metastable tetragonal zirconia into 

monoclinic one upon thermal treatment or contact with water vapor at 400°C.12 Xie et al. 

confirmed the same feature by in situ Raman spectroscopy in the case of calcined zirconium 

oxyhydroxide which leads to tetragonal zirconia upon heat-treatment at 350°C and then 

transforms into monoclinic zirconia without any drastic loss in surface area by the simple 

exposure to water vapor even at room temperature.8 Since the tetragonal-to-monoclinic 

transformation is described as a martensitic and diffusion-less process, there is no activation 

barrier for the process to occur and the only limitation lies in the formation of nucleation sites. 

We presume that such sites nucleate once the nanoparticles surface is depassivated, which 

means extensively hydrolyzed to remove organic ligands. The initiation of the water-induced 

phase conversion could be similar to the low thermal degradation observed for micrometric 

zirconia but is still unclear.44

The role played by the sodium alkoxide during the particle formation and the ageing of the 

suspension was ascertained by the substitution of Na metal with NaOiPr and NaCl (even sodium 

hydroxide can be used but the result is not shown here). Taking in account that the Na+ cations 

covering the surface of the zirconia nanoparticles are only partially inhibiting the dehydration 

side-reaction, we suggest that the strong alkalinity of the reaction mixture enables the sol-gel 

process to pursue in a non-hydrolytic manner. In the bottom of the Figure 10, we propose a 

summary of the different roles of sodium alkoxide. First, sodium alkoxide is a prerequisite for 

the C-C bond formation, the hydroxylation of the zirconium precursor and further the 
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condensation into ZrO2 nanoparticles. Such reaction is validated but only in a limited extent. 

Indeed, Na+ is known to partially inhibit the Guerbet-like mechanism which is corroborated by 

the minor presence of 4-phenyl-2-butanol at the end of the solvothermal treatment. Secondly, 

the presence of Na+ is also known to decrease the catalytic activity of the NP surface toward 

alcohol dehydration by poisoning its surface. Anyway sodium alkoxide can neutralize traces of 

water and releases sodium hydroxide which, in turn, is able to promote the inorganic 

condensation via a catalytic hydroxylation reaction. Following the non-hydrolytic 

hydroxylation, sodium alkoxide is regenerated and the hydroxylated species can undergo 

condensation via an alternate and/or complementary sol-gel reactions. At last, parallel to the 

formation process, the absence of water prevents the t-ZrO2 nanoparticles to convert into 

monoclinic ones.

Interestingly, it was shown that the Na-modified benzyl alcohol route gave excellent results 

in terms of purity and limited particles size providing that the sodium-to-zirconium molar ratio 

was adjusted to at least 0.62. The possibility to increase significantly the concentration of the 

reactants is of crucial interest when the chemical process is based on expensive solvent or when 

it is necessary to consider some industrial-scale or semi-industrial-scale developments.

The surface of the nanoparticles would require further investigations in terms of properties 

especially to determine the impact of the presence of sodium-based species poisoning the 

surface.

IV. CONCLUSION

In conclusion, the tremendous effect of the presence of water on the growth and 

destabilization of t-ZrO2 produced via the benzyl alcohol route was evidenced experimentally. 

Such a water, either intentionally added in the reaction mixture or issued from the dehydration 

of alcohol during a prolonged heat treatment (and specially a high zirconium alkoxide 
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concentration), was shown to play a detrimental role similar to what was observed in the low 

thermal degradation of bulk zirconia. In order to remedy the deterioration of the sample purity, 

we investigated the use of different sodium sources, namely sodium metal, sodium chloride or 

sodium isopropoxide, and found that the crystalline phase was affected if the sodium source 

was able to exhibit a strong basicity. Indeed, the Brønsted acid-base consumption of water by 

sodium alkoxide coupled with a Na+ capping of the nanoparticle surface was found to be 

necessary to inhibit the isopropanol dehydration and/or to neutralize the in-situ water without 

promoting an excessive particle growth.

The addition of a basic salt has been found to be a suitable strategy able to avoid the loss of 

phase purity and to recover the phase stabilization of t-ZrO2 nanoparticles offered by the critical 

size effect. This strategy was shown to be effective even when the dehydration side-reaction 

responsible for the release of water is promoted by a large increase of the alkoxide concentration 

and/or by a prolonged heat-treatment. Such a situation is generally encountered due to the 

reduction of the economic cost of a process, i.e. for example by decreasing the content of 

anhydrous benzyl alcohol and/or by choosing a less expensive zirconium alkoxide as zirconium 

n-propoxide even if the parent alcohol is quite more sensitive to dehydration upon prolonged 

solvothermal treatment than isopropanol itself.
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Synopsis:

Even under anhydrous conditions, the phase purity degradation of zirconia samples was 

observed jointly to the presence of water into the supernatant. Finally understood as the result 

of the alcohol dehydration supported by the surface of the nanoparticles and the release of in-

situ water, the tetragonal-to-monoclinic transformation was inhibited by the addition of sodium 

metal. Indeed, the disappearance of the monoclinic phase was observed provided that a 

sufficient sodium-to-zirconium ratio was ensured.
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