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ABSTRACT

Colloidal nanocrystals can offer exquisite control of physical and chemical properties for technological appli-
cations by tuning their sizes, shapes and crystal forms. Herein, a convenient phase-transfer route was presented
to controllably prepare transparent dispersions of monodispersed ZrO, nanocrystals in an aqueous-organic two-
phase medium. By adjusting the surfactants, solvents and basicity, the controllability of crystal forms from
monoclinic to tetragonal phases, the particle length from 5 to 20 nm, and the different shapes including spindle,
cobblestone, sphere, branch, rod and cube can be achieved. The as-prepared ZrO, nanocrystals can be readily
dispersed in nonpolar solvents, thereby forming the ultra-highly concentrated (60 wt%), highly stable
(> 18 months) and highly transparent nanodispersions. Density functional theory (DFT) calculations were fur-
ther used to elucidate the root causes of underpinning growth mechanisms. This work not merely enriches the
methodology of controllable fabrication of monodispersed sub-10nm ZrO, nanocrystals, but also enables a
platform to synthesize rare-earth-doped nanophosphors using ZrO, as the host matrix. The fluorescent
ZrO,:Yb** /Er®* nanocrystals, which can be easily monodispersed in organic solvents, were also prepared with
visible luminescene properties under near-infrared irradiation.
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1. Introduction

Exquisite control of colloidal semiconductor nanocrystals has
reached a new horizon recently [1-8]. Among them, ZrO, is one of the
most studies oxides, owing to its high refractive index, high dielectric
constant, extremely high hardness, low thermal conductivity, relatively
low thermal expansion coefficient and chemical inertness. ZrO, exhibits
polymorphism including monoclinic, tetragonal and cubic phases. The
crystal forms and shapes of ZrO, nanoparticles can profoundly affect
their physical and chemical properties. From the crystal forms per-
spective, monoclinic ZrO, displays promising catalytic activities, such
as in the CO conversion [9,10] and C-H bond dissociation reactions
[11,12]. Tetragonal and cubic ZrO, are suitable for applications such as
dental materials [13,14], refractory materials [15], ferroelectrics [16]
and optical coatings [17]. From the view of shapes, spherical ZrO,
nanocrystals have been applied for phosphate detecting [18], electrode
materials [19] and adsorbents [20]. In contrast, ZrO, nanocrystals with
anisotropic shapes are promising candidates in the fabrication of fibers
[21], catalysts [22,23], biomass [24] and grain-oriented ceramics
[25,26]. For high solid loaded slurry products, the dispersibility and
small size (sub-10 nm) of ZrO, nanocrystals are required to enable the
research under solution-like conditions and maintain transparency,
especially the optical applications [27,28].

Many synthetic routes have been proposed for realizing mono-
dispersed ZrO, in the 10 nm size regime, such as non-hydrolytic method
in benzyl alcohol [29-32], in situ synthesis method [17], and self-
regulating precursors combined with solvothermal method [27,28,33].
However, there are still some challenges related to the raw materials
and preparation process. The key drawbacks should be the high cost
and moisture sensitivity of the commonly used organic zirconium
sources (zirconium propoxide or zirconium butoxide solution). At the
same time, the organic surrounding restricts the use of inorganic salts
for rare earth doping [34,35]. On the other hand, the synthetic process
employing inorganic zirconium sources such as zirconium basic car-
bonate (3ZrO5CO»yH,0) or Zr(CF3COO), usually leads to hetero-
geneous precipitation during the precursor preparation, which may also
cause difficulties for equipment cleaning. In addition, crystalline-con-
trolled growth of ZrO, nanocrystals has been achieved and proved to be
strongly depended on synthesis parameters including surfactants
[29,36], solvents [37,38], basicity [39], aging [36] and temperature
[38]. However, the fine-tuning of ZrO, nanocrystals morphology has
been rarely documented, especially for one-dimensional ZrO, nanos-
tructures (rods, wires, and tubes). The most accepted growth process for
shape-control is known as “oriented attachment”, which suggests that
the ultimate shape determination is induced by the relative surface
energy difference of each facet of the crystal [40-42]. There have been
reported numbers of shape-control nanomaterials focusing on metals
[42], sulfides [43], selenides [44-46], or other semiconductor metal
oxides such as TiO, [47], CeO, [48], Fes04 [49] or ZnO [50], whereas
ZrO, systems remain poorly explored. Therefore, to extend the tech-
nological potential of ZrO,, it is very necessary and desired to develop a
cost-effective and eco-friendly method for the preparation of ZrO, na-
nocrystals with tunable crystal forms, shapes, sizes and dispersibility.

In this work, a convenient phase-transfer approach is proposed for
the synthesis of monodispersed ZrO, nanocrystals with tunable crystal
forms and morphologies. The as-prepared ZrO, nanocrystals can be
readily dispersed in nonpolar solvents, thereby forming ultra-highly
concentrated (60 wt%), highly stable (> 18 months) and highly trans-
parent nanodispersions. Since water is an ideal solvent for inorganic
species, and long-chain fatty acids in organic phase serve as surfactants
to render the nanoparticles dispersible in nonpolar solvents, hydro-
philic Zr(OH),4 precursor can be transformed to hydrophobic ZrO, na-
nocrystals by a hydro/solvothermal process in water—oil dual phases. In
this case, zirconium oxychloride, as one of the most inexpensive in-
organic zirconium sources, is employed to form stable precursor in
homogeneous aqueous phase. The ratio of tetragonal and monoclinic in
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mixed-phase ZrO, nanocrystals can be effectively tuned by adjusting
the length of surfactants without using any dopant or supported species,
while achieving the tuning of shape and particle length. In addition, the
solvent and basicity are closely tied to the shape of ZrO, nanocrystals,
especially for the elongated morphologies, which may lead encouraging
epitaxial growth along a longitudinal direction. The further DFT cal-
culations indicate that the significant difference of adhesion energies
between covering ligands and various crystallographic planes is the
fundamental cause of anisotropic growth. Furthermore, this approach
was also successfully applied to the preparation of fluorescent
ZrO,:Yb® " /Er®™* nanocrystals in ZrO,-based nanocrystals, which have
gained attentions on the consequential crystal forms [51], morphology
[18] and optical properties [52] for potential applications, such as
photodynamic therapy [53], photodetectors [54] and near-infrared
sensing [55].

2. Experimental section
2.1. Chemicals

Zirconium oxychloride octahydrate (ZrOCl,:8H,0), ytterbium ni-
trate hexahydrate (Tb(NO3)3:6H,0), erbium nitrate hexahydrate (Er
(NO3)3:6H,0), sodium hydroxide (NaOH), acetone, alcohol, benzyl al-
cohol, n-heptane (n-C;H;¢), n-decane (n-C;oHa,5), cyclohexane (CYH),
toluene, tetrahydrofuran (THF), chloroform (CHCl3), petroleum ether
(boiling range: 60-90 °C) (MSO), decanoic acid (C10), dodecanoic acid
(C12), myristic acid (C14), stearic acid (C18) and docosanoic acid (C22)
were purchased from Aladdin Bio-Chem Technology Co.. All solvents
used were ACS grade. Deionized water was provided by a water pur-
ification system (RO-DI plus, Hitech, PRC).

2.2. Preparation of aqueous Zr(OH) 4 precursor

Aqueous Zr(OH), precursor was synthesized according to the pro-
cedure described elsewhere [38]. 2.0946 g (6.5 mmol) of ZrOCl,-8H,0
was dissolved in 65mL of deionized water at 25°C under vigorous
stirring. 38mL of aqueous solution containing 0.19g of NaOH
(0.125 mol/L) was then dropwise added into the above ZrOCl, aqueous
solution. The as-obtained zirconium hydroxide precursor had a pH
value of about 2, and was further stirred at 70 °C for 3 h. Subsequently,
it was washed thoroughly with deionized water by a dialysis method.

The concentration of NaOH solution can be changed to 0.375 mol/L
(38 mL of aqueous solution containing 0.57 g of NaOH). In this case, the
pH of the as-obtained precursor was around 4. Afterwards, the pre-
cursor was further washed three times with water using centrifugation
at 5000 rpm for 5min to remove the inorganic ions. It deserves to be
mentioned that the washing process (dialysis or centrifugation) is es-
sential for the monodispersity of ZrO, nanodispersion, since the re-
sidual inorganic salt ions in the precursor can lead to the formation of
clusters [56,57], as shown in Fig. S1.

2.3. Synthesis of monodispersed ZrO, nanocrystals and rare-earth doped
ZrO, nanocrystals

1.2 g of fatty acid (C10, C12, C14, C18 or C22) was dissolved in
16 mL benzyl alcohol. The formed solution was added into 38 mL
aqueous zirconium hydroxide precursor. The mixture was further
transferred into a 200 mL Teflon-lined stainlesssteel autoclave and he-
ated at 210°C for 48 h. After cooling down, the benzyl alcohol-wa-
ter—solid mixture was separated by using centrifugation at 5000 rpm for
5 min. The white ZrO, solids were washed three times using ethanol to
remove the excessive alkyl acid and solvent. The product can be re-
dispersed in nonpolar solvents, including n-C;H;6, n-C19Hs3, CYH, to-
luene, THF, CHCl;, white oil and petroleum ether (boiling range:
60-90 °C), to form a clear ‘solution’.

When benzyl alcohol was replaced with nonpolar solvents such as n-
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Scheme 1. Schematic diagram for the possible formation mechanism of monodispersed ZrO, nanocrystals prepared in the benzyl alcohol-water system and n-C,;H;4-

water system.
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Fig. 1. TEM and HRTEM images of monodispersed ZrO, nanocrystals prepared with C10 (A), C12 (B), C14 (C), C18 (D), C22 (E) modification in the benzyl alcohol-
water system; and the corresponding particle size distributions (E) (for each histogram, over 100 particles were measured).

C;Hy6, n-C1oHso, CYH or toluene, the difference was that ZrO, nano-
crystals can be monodispersed in organic phase instead of precipitating
out as powders (Scheme 1). After cooling down, the n-C;H;6 (n-C1oHao,
CYH or toluene)-water-solid mixture was separated using centrifuga-
tion at 5000 rpm for 5 min. Excess acetone was added to the organic
phase to precipitate the white product, which was collected by cen-
trifugation and further washed twice by ethanol to remove the

excessive alkyl acid and solvent. The final product can be re-dispersed
in the above-mentioned nonpolar solvents.

For the preparation of ZrO,:Yb®* /Er®* nanocrystals, 12 mol% of Yb
(NO3)3:6H,0 and 2.4 mol% of Er(NO3);6H,0 with respect to zirconia,
were dissolved in the Zr(OH), precursor. The other processes are same
as the above description.
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Fig. 2. TEM and HRTEM images of monodispersed ZrO, nanocrystals with C12 (A), C18 (B), C22 (C) modification; and the corresponding HRTEM images of ZrO,
nanocrystals prepared with C12 (D), C18 (E), C22 (F) modification in the n-C,;H;¢-water system.

Fig. 3. TEM and HRTEM images of ZrO, nanocrystals prepared with C12 modification and NaOH concentration of 0.375 mol/L in the n-C,;H;¢-water system (A); and
with C12 modification and NaOH concentration of 0 mol/L in the benzyl alcohol-water system (B).

Table 1

Adsorption energies (eV) of COO™ and COOH adsorbed on { —111}, {111},
{002} and {02 2} planes of monoclinic ZrO,.

Structures Facets

{-111} {111} {002} {022}
COOad1 —0.96 —0.90 -1.82 —2.48
COOad2 -1.30 -1.09 -1.27 —2.07
COOHad1 -0.72 -1.66 -2.19 -2.73
COOHad2 -0.87 —0.67 -2.19 -0.89

2.4. Computational models and methods

Zr atoms are eight-coordinated in tetragonal phase, whereas they
are seven- coordinated in the monoclinic phase. { —111} and {101}
planes of monoclinic and tetragonal ZrO,, respectively, are employed
because they are the most stable [58]. Considering the complicacy of
surfactants, long carbon chain was truncated to a simplified methyl
group (-CHj3) to investigate the adsorption characters on ZrO, facets
[59,60]. We modeled the interactions between the COO~ and COOH
molecules and the facets severally under two possible adsorption con-
figurations: named as COOadl/CO0Oad2 for COO~ adsorption condi-
tions and COOHad1/COOHad2 for COOH adsorption conditions. The
adsorption energy was determined by:
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Fig. 4. TEM overview of ZrO, nanocrystals with different shapes. The three digital condition codes (X, Y, Z) represent different reaction conditions where: X = 10,
represents the capping agent was C10, and so on; Y = 1, where the nanocrystals were prepared in the benzyl alcohol-water system; Y = 0, where the nanocrystals
were prepared in the n-C;H;¢-water system; Z = 0, indicates the concentration of NaOH solution used in precursor preparation process was 0 mol/L, and so on.

Eadsorption = Etotal - Eslab - Eadsorbate

where the Eiyq is the energy of the adsorption complex including the
crystal slab and adsorbate molecules, Eg,, is the total energy of the
crystal slab, and E,gsorbaee is the energy of the isolated adsorbate mole-
cule or atom.

Density functional theory (DFT) calculations with spin-unrestricted
in this work were done by Vienna ab initio simulation package
(VASP.5.4.1) [61]. The re-parameterized form of Perdew-Burke-Ern-
zerhof (revPBE) functional with the generalized gradient approxima-
tion (GGA), was used to calculate non-local gradient corrections to the
correlation and exchange energies [62,63]. The wave functions pro-
jected in real space were constructed from the expansion of plane waves
with an energy cutoff of 450eV. A 4 X 4 x 1 Gamma centered Mon-
khorst-Pack k-point sampling in the surface Brillouin zone was per-
formed for the surfaces, and a vacuum layer of 20 A was set to avoid
interactions between the periodic slabs. Geometry optimizations were
performed using a 4-layer ZrO, model of 16 Zr atoms and 320 atoms,
with the bottom two layers being fixed. The structural optimizations
were carried out at a tight convergence of 0.01 eV/A on the forces with
the wave functions converged to 1 X 10~ >eV. In order to accurately
describe the dispersion interactions between the adsorbate and the
surface, all calculations were performed using the Rutgers-Chalmers
van der Waals Density Functional (vdw-DF) method [64].

2.5. Characterization

The size and morphology of ZrO, nanocrystals were examined with
a transmission electron microscope (TEM) (H-9500, HITACHI, Japan)
operating at an accelerating voltage of 300 KV. Crystalline structure of
ZrO, nanocrystals was performed by an X-ray diffractometer (XRD-
6000, Shimadzu, Japan) equipped with CuKa radiation, at an accel-
erating voltage of 40kV and a current of 40 mA. The scanning range
was from 10° to 80°, and the scanning rate was 5°/min with a step size
of 0.02°. Fourier transform IR (FTIR) spectrum was recorded with a
Nicolet 6700 spectrometer (Nicolet Instrument Co., USA) in the range
of 4000-400 cm ~ . Thermogravimetric analysis (TG) was performed on
Netzsch TG (SDT Q600 V20.9 Build 20) at a scanning rate of 10 K/min
under a nitrogen atmosphere. Upconversion luminescence spectrum of
the sample was acquired on a Maestro in vivo optical imaging system
(CRI, Inc. Woburn, MA) equipped with a commercial 980 nm laser.

3. Results and discussion

Fig. 1 shows the representative TEM, HRTEM images of mono-
dispersed ZrO, nanocrystals obtained in the benzyl alcohol-water
system with the addition of different fatty acids (C10-C22), and the
corresponding particle size distributions. The nanocrystals appear ra-
ther well spaced because of the fatty acids coating. Moreover, the
nature of the capping agent plays an important role in controlling the
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Fig. 5. XRD patterns of ZrO, nanocrystals prepared with C10, C12, C14, C18,
and C22 modification in the n-C;H;¢-water system.

shape of the ZrO, nanocrystals. The samples functionalized with C10
and C12 exhibit roughly spindle shapes. When the ligand length in-
creases from C14 to C22, the ZrO, nanocrystals gradually tend to be
smooth and round. The HRTEM images (the insets in Fig. 1A-E) show
the isolated crystal and morphological nature of such nanoparticles. It
appears that the shape of ZrO, nanocrystals@C14 is a transition from
fusiform shape (ZrO, nanocrystals@C12 in Fig. 1B) to cobblestone-like
shape (ZrO, nanocrystals@C18 in Fig. 1D). The longer hydrocarbon
chain of fatty acids, the less elongated ZrO, nanoparticles are formed,
and the more uniform particle distributions can also be obtained, which
is shown in Fig. 1F. Because of steric hindrance, longer chain ligands
are less mobile and reactive than their shorter chain counterparts [65],
consequently, anisotropic growth is suppressed. In addition, the clear
lattice indicates the high crystallinity of the as-synthesized nano-
particles. The lattice space of 0.314nm and 0.284 nm in Fig. 1(A-C)
correspond to { =111} and {111} planes of monoclinic ZrO, struc-
ture, respectively, while the lattice space of 0.295 nm and 0.254 nm in
Fig. 1(D, E) correspond to the {101} and {11 0} plane of tetragonal
ZrO, structure. The results demonstrate that the concurrent crystalline
form transition occurred in the obtained ZrO, nanocrystals when the
chain ligand changed in hydro/solvothermal process. Therefore, we
consider that organic surfactants have a key role in determining not
only the shape and size, but also the crystalline form of the products.
Fig. 2 shows the representative TEM, HRTEM images of mono-
dispersed ZrO, nanocrystals obtained in the n-C,H;¢-water system with
the addition of different long chain fatty acids (C12, C18 and C22). In
this case, the benzyl alcohol was replaced with n-C;H;s. The mor-
phology of ZrO, nanocrystals was significantly changed from spindle-
like shape in the benzyl alcohol-water system to irregular branch
structure in the n-C,H;¢-water system, when using the same C12 as
capping agents. The HRTEM image in Fig. 2E demonstrates that
monoclinic ZrO, nanoparticles have the tendency to link in a head-to-
head manner to form nanorods. Therefore, a proposition is employed to
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Fig. 6. (A) FTIR spectra of C12, and ZrO, nanocrystals modified by C12
(ZrO,@C12); (B) TG curve and the corresponding derivative TG curve of ZrO,
nanocrystals prepared with C12 modification in the n-C;H;¢-water system.

account for this phenomenon, which relies on the immiscibility of n-
C;H;¢ with water. The water-solubility of organic phase is responsible
for the diffusion rate in the organic—inorganic interface between hy-
drophilic precursor and oleophilic surfactants. To examine this propo-
sition, the experiments were carried out in which n-C;H;¢ was sub-
stituted with n-C;oH,, (chain hydrocarbon), CYH (cycloalkane) and
toluene (aromatic hydrocarbon) as the solvents in organic phase, and
the corresponding TEM images are displayed in Fig. S2. By applying
these three water-immiscible organic solvents, the ZrO, nanocrystals
exhibit a similar morphology and connecting features regardless of
solvents structure. Since n-C;H;¢ (or n-C;oH,,, CYH, toluene) is more
hydrophobic than benzyl alcohol, we believe that there are not abun-
dant surfactants exchanging on the surface of nanoparticles during
crystal growth, according to the concept of dynamic solvation [65]. In
addition, surfactant-controlled growth also happened in the ZrO, na-
nocrystals obtained in the n-C,H;¢-water system. C10 and C14 capped
ZrO, nanocrystals display a similar fashion with C12 capped ZrO, na-
nocrystals, which are shown in Fig. S3. The branched nanocrystals with
monoclinic phase were replaced by nanorods. Meanwhile, spherical
particles with tetragonal phase occurred, when the hydrocarbon chain
length of surfactant increased to C18 (Fig. 2B and E). The ZrO, nano-
crystals covered with C22 were predominantly the spherical mor-
phology form and tetragonal phase (Fig. 2C and F).

The precursor is also a key factor for shape controlling. We changed
the extent of precursor hydrolyzation by tuning the concentration of
NaOH solution from 0.125 to 0.375 mol/L, while keeping all the other
preparative conditions constant. As shown in Figs. 2A and 3A, the shape
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adsorption models of COO™~ and COOH ligands on {1 0 1} planes with different initial configurations; and the adsorption energies (eV) of CH;COO ™~ and CH;COOH
adsorbed on {1 01} planes. The color of the atoms are: Zr atoms: blue and O atoms: red.

of nanocrystals changed from branched nanostructures to nanorods
with higher length-diameter ratio. In the regime of shape control, the
competition relationship between crystallization and capping process is
the key factor: capping dominance can stabilize precursors, whereas
rapid crystallization causing particular crystal facets de-capping can
initiate anisotropic growth of nanocrystals. We believe that a higher
alkali source concentration can produce larger prenucleation clusters.
This renders relatively rapid crystallization process, and leads to the
appearance of elongated shapes. Analogously, insufficient capping
caused by solvent solubility also can initiate selectively adhering to
crystal facets. Consequently, the ZrO, nanocrystals obtained in the n-
C;H;¢-water system (Fig. 2A) show more elongated morphologies than
that in the benzyl alcohol-water system (Fig. 1B). To validate this
proposition, an additional synthesis was performed in which the con-
centration of NaOH solution was decreased to 0 mol/L in the benzyl
alcohol-water system. As displayed in Fig. 3B, the ZrO, nanocrystals
produced in relatively slow crystallization and sufficient capping pro-
cess predominantly show cube-like shape with low length-diameter
ratio, which corresponded to the proposed shape-control regime.

A comprehending of how facets of a nanocrystal develop, and sur-
factants preferentially adsorb on which surface is critical for inter-
preting nanocrystal shape. We evaluated the interaction between the
surfactants, and { —111}, {111}, {002} and {022} planes of
monoclinic ZrO, by the first-principle calculation based on the DFT.
Computation models of these four facets and the corresponding Zr-Zr
distances are displayed in Fig. S4. The carboxylates in the ligands have
a strong binding affinity to Zr atoms at the surface either in mono-
dentate or bidentate configurations [66] (Figs. S5-S8). The adsorption

energies of COO~ and COOH on the { =111}, {111}, {002} and
{022} planes are shown in Table 1. As these calculations indicates, the
adsorption energies of ligands on {—111} and {111} facets
(~-1.0eV) are overwhelmingly smaller than that on other facets
(~-2.0 eV). The binding preference suggests a much weaker binding to
{—=111} and {111} facets, thus the growth of ZrO, nanocrystals will
occur more rapidly on { =111} and {111} facets than other facets in
incomplete coverage situation. In addition, total energies in Table S1
suggest that { —111} and {111} facets are comparably more en-
ergetically stable than the other two, finally leading to the dominant
surfaces of the crystal. Fast-growing facets will not be easily terminated
by surfactants during the growth, resulting in an anisotropic growth
regime. This accounts for why the obtained ZrO, nanocrystals in the n-
C;H;¢-water system show an elongated morphology and grew around
{—111} and {111} crystal orientation (Figs. 2D, E and 3A).

Fig. 4 outlines an array of ZrO, nanocrystals synthesized using
regulating specific fatty acids, organic solvents and NaOH concentra-
tion. The shape change is the result of both the surfactants and the
diffusion mechanism [65], which are reflected at the three factors listed
in the diagram. As mentioned above, the water-solubility of organic
solvents and NaOH concentration adjust the diffusion rate of surfactants
into the reactive crystal facets and the nucleation rate of precursors,
respectively. Longitudinally, the framed column demonstrates that
lower diffusion rate and higher nucleation rate can promote the epi-
taxial growth around specific facets, causing nanocrystals with higher
length-diameter ratio. Synchronically, the surfactant with the longer
carbon chain is more beneficial to the generation of round-shaped na-
nocrystals owing to the random and uniformly distributed spatial steric
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hindrance at all directions. This work presents a logically controlled
fabrication of one-dimensional sub-10 nm monodispersed ZrO, nano-
crystals programmed by the combinational conditions of surfactants,
solvents and raw materials.

Fig. 5 exhibits the XRD patterns of ZrO, nanocrystals capped with
varying fatty acids in the n-C;H,¢-water system. Definitely, longer hy-
drocarbon chain of fatty acids favors the formation of tetragonal ZrO,
phase, which is in good agreement with the crystalline change regula-
tion reported previously [36,67]. C10, C12 and Cl4-capped ZrO, na-
nocrystals were the pure monoclinic phase form, whereas C18-capped
ZrO, nanocrystals were a mixture of monoclinic and tetragonal phases,
which was in close accordance with the TEM data in Fig. 2. In the
terminal stage, pure tetragonal ZrO, nanocrystals were obtained when
the ligand length was up to C22. The XRD patterns of ZrO, nanocrystals
obtained in the benzyl alcohol-water system are similar to the coun-
terparts except for the C14-capped ZrO, nanocrystals, which are dis-
played in Fig. S9. The difference is the remarkable occurrence of tet-
ragonal phase in semi-round and semi-fusiform shaped ZrO,
nanocrystals@C14 (Fig. 1C). These results prove that the round mor-
phology is closely tied to tetragonal phase, whereas clubbed and cus-
pidal morphology is related to monoclinic phase of ZrO, nanocrystals.

The interaction between ZrO, nanocrystals and capping agents was
confirmed by the FTIR spectra and TG curve (Fig. 6). As shown in
Fig. 6A, the strong bands in the range of 600-700 cm ™' were the -Zr-O-
Zr- vibration mode. The bands in the 2800-2960 cm ™' region were
attributed to the C-H stretching mode of methyl and methylene groups.
Repeated washing confirms the expelling of unconjugated carboxylic
ligands from the ZrO, surface after the surface modification. Thus, it

deserves to be noticed that the characteristic carboxy group (-COOH)
which peaks at 1711 cm ™! was not observable in the spectrum of the
ZrO, nanocrystals @C12. Instead, the stretching frequency peaks of the
carboxylate group (-COO-) at 1541 and 1458 cm ™! took over the place,
which suggests that the carboxylate group from C12 was chemically
bonded to the surface of ZrO, nanocrystals [68,69]. Similar FTIR
spectra were obtained in ZrO, nanocrystals capped with C10, C14 and
C18, as shown in Fig. S10. The amount of C12 capping the surface of
ZrO, nanocrystals was recorded by the TG curve (Fig. 6B). C12 attached
to nanoparticles was broken down completely at around 500 °C, at
which nanocrystals underwent an obvious weight loss. The fatty acids
coating of 30 wt% was enough to achieve stabilization of around 10 nm
particles in organic solvents [70,71]. Since it is challenging to thor-
oughly remove the surfactant C22 due to the insolubility in ethanol at
room temperature, the TG and FTIR tests make no sense for ZrO,@C22.
The amount of other fatty acids, including C10, C14 and C18 capping
the surface of ZrO, nanocrystals, was also recorded by TG curves (Fig.
S11). Ligands bounded to the nanocrystals are around 30 wt% for C10,
C12, C14, and around 27 wt% for C18. Coincidentally, ZrO,@C10, C12
and C14 are monoclinic phase whereas there is tetragonal phase in
ZrO,@C18, as shown in Fig. 5. It seems that compared with the tetra-
gonal phase, the monoclinic ZrO, requires more surfactants for its
stability.

To further compare the surface coordination chemistry between the
two crystal forms of ZrO, nanocrystals, DFT calculations of the inter-
action between ligands and planes of tetragonal ZrO, were also per-
formed. As shown in Figs. 7A and S4A, it should be noted that {101}
planes of tetragonal ZrO, nanocrystals (t{101}) are more symmetry
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Fig. 9. TEM and HRTEM images (A), XRD pattern (B), the corresponding particle size distribution and the digital photograph of transparent dispersion of mono-
dispersed ZrO,:Yb*/Er®* nanocrystals with a solid content of 1 wt% (C) prepared with C12 modification in the benzyl alcohol-water system; Upconversion
luminescence spectrum of ZrO,:Yb®* /Er®* nanophosphors (D), and energy level diagram of Yb®* and Er®* ions and the probable upconversion mechanism (E),

under the excitation of 980 nm light.

than { —111} planes of monoclinic ZrO, nanocrystals (m{ —111}).
Corresponding to this, the bidentate configuration (COOad2 and
COOHad2) has significantly higher adsorption energies, and conse-
quently possesses a higher probability binding to planes than the
monodentate configuration (COOadl and COOHad1) (Fig. 7B and the
corresponding table). As for the monoclinic situation, the bidentate
configuration (COOad2) shows modest level of preferential affinity to m
{ =111}, compared with the tetragonal counterpart (Fig. S5 and the
corresponding first column of Table 1). Considering that the bidentate
configuration consumes less surfactants than the monodentate one for
particle protection, the difference of ligand coverage fashion between
the two crystal forms validates the reason why monoclinic ZrO, re-
quires more surfactants than tetragonal ZrO,. Based on the above
analysis, we find that the adsorption of surfactants onto t{101} is
highly stable, since the adsorption energies of surfactants on m
{ =111} are smaller than those on t{101}. Anisotropic growth is
suppressed on tetragonal ZrO, as the ligand coverage is sufficient and
stable. This explains why the monoclinic ZrO, nanocrystals display
elongated shapes while the tetragonal-containing ZrO, nanocrystals
display nearly “round” shapes.

Fig. 8 gives the digital photographs of monodispersed ZrO, nano-
crystals with different solid contents and in different solvents. Suffi-
ciency of surface modification prevented the nanoparticles from suf-
fering secondary agglomeration in the courses of concentration and
dilution. For this reason, highly stable and transparent ZrO, nanodis-
persion was visually identical to pure solvent even when the solid
content reached as high as 60 wt% (Fig. 8A). As evidenced in the lit-
erature [3,72,73], fatty acids functionalized nanoparticles had fine
dispersibility in nonpolar solvents, such as CYH, toluene, THF, CHCls,
n-C;H;¢ and MSO (60 ~ 90 °C), forming long-term stable and trans-
parent nanodispersions (Fig. 8B).

ZrO, is considered as a potential host matrix for photosensitive
materials owing to its intrinsic high refractive index (about 2.2 @
589 nm) and low phonon energy (about 470 cm™Y) [74,75]. Hence,

monodispersed ZrO,:Yb®* /Er®* nanophosphors were further prepared
by the addition of Yb®* and Er®* inorganic salts. Fig. 9A-C displays the
TEM images, XRD pattern, corresponding particle size distribution and
digital photograph of the as-prepared ZrO,:Yb**/Er®* nanodisper-
sions. Compared to the nanocrystals without doping (as shown in Figs.
1B, 5 and 1F), the differences were listed below: the morphology was
changed from spindle-like to near spherical structure; the crystalline
form was transferred from monoclinic to tetragonal phase; the average
length was decreased from 11 nm to 4nm and the particle size dis-
tribution also became more uniform. As a result of rare earth doping
process, typical upconversion luminescence spectrum was observed in
ZrO,:Yb® " /Er®™ nanophosphors after 980nm excitation, which is
shown in Fig. 9D. There are two main visible emission bands, including
strong red bands centered at 652 and 678 nm, and the relatively weak
blue one centered at 486 nm, which are associated to the *Fg,5 — *I;5,»
and “F;,, — *I;5,, transitions of Er®* ions, respectively. The possible
upconversion luminescence mechanism was proposed in accordance
with previous studies [75] to explain the observed visible emission
under the excitation of 980 nm, as described in the energy level dia-
grams of Yb®" and Er®* ions in Fig. 9E. Firstly, the pumping photons
(980 nm) populate the immediate excited state (*I;1,,) of Er®* ions
from the ground state (*I;s,»), via the energy transfer process (ET) from
Yb®* to Er®* and/or the ground state absorption (GSA) from Er®* to
Er®* itself. Then part of excited electrons on the *I;;, level continue to
absorb energy and this population is promoted to “Fy,, level by the
excited state absorption (ESA) from Er®* to Er** itself and/or by the
second-step ET from Yb®™ to Er®*. After that, parts of electrons on the
“F,,, level populate the intermediate *Io, level, and other excited
electrons on the *I;; , level populate the *Fy5,, level, by nonradiative
relaxation (NR) process. Electrons on the “I;3 > level are further excited
into “Fo/» level by ESA. Finally, the *F,,, level undergoes radiative
decay to produce blue emission (486 nm), and the *Fs , level undergoes
radiative decay to produce red emission (652 and 678 nm).
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4. Conclusions

Monodispersed ZrO, nanocrystals with tunable shapes, sizes and
crystal forms can be efficiently prepared via an aqueous-organic two-
phase system. The as-prepared ZrO, nanocrystals can be readily dis-
persed in nonpolar solvents, forming long-term stable transparent na-
nodispersions. In the benzyl alcohol-water system, when the length of
the hydrocarbon chain of capping agents increased from C10 to C22,
the shape of ZrO, nanocrystals tended to vary from fusiform to sphe-
rical structures; the particle length decreased from 20 to 5 nm; and the
crystal form gradually changed from monoclinic to tetragonal phase. In
the n-C;H;¢-water the system, similar situation occurred by adjusting
the surfactants except for the shape transition. Shorter chain ligands,
lower polarity of organic solvents, and higher NaOH concentration can
result in an elongated morphology, which was proved by the results
based on the DFT calculations. Calculated surface coordination chem-
istry confirmed that the stabilized dispersion of monoclinic ZrO, re-
quires more surfactants than tetragonal ZrO,. Furthermore, this ap-
proach was also applied in the preparation of fluorescent ZrO,:Yb®*/
Er**, promising for applications such as photodynamic therapy, pho-
todetectors and near-infrared sensing.
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