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ABSTRACT:

A synthesis route to rock-salt zinc oxide (rs-ZnO), high-pressure phase metastable at ambient
conditions, has been developed. High-purity bulk nanocrystalline rs-ZnO has been synthesized from
wurtzite (w) ZnO nanopowders at 7.7 GPa and 770-820 K and for the first time recovered at normal
conditions. Structure, phase composition and thermal phase stability of recovered rs-ZnO have been
studied by synchrotron X-ray powder diffraction and X-ray absorption spectroscopy (XANES and
EXAFS) at ambient pressure. Phase purity of rs-ZnO was achieved by usage of w-ZnO nanoparticles
with narrow size distribution as a pristine material synthesized by various chemical methods. At ambient
pressure rs-ZnO could be stable up to 360 K. The optical properties of 7s-ZnO have been studied by
conventional cathodoluminescence in high vacuum at room and liquid-nitrogen temperatures. The
nanocrystalline rs-ZnO at 300 and 77 K has shown bright blue luminescence at 2.42 and 2.56 eV,

respectively.
KEYWORDS cubic zinc oxide, nanocrystals, high-pressure synthesis, phase transition, luminescent

properties.
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INTRODUCTION

Zinc oxide is a promising semiconductor due to its wide direct band gap (3.37 eV for w-ZnO) and

12" 7ZnO-based nanostructured materials are attractive for

high exciton binding energy (60 meV).
fabrication of optoelectronic devices in blue and ultraviolet spectral regions. At ambient conditions, the
thermodynamically stable phase of ZnO has hexagonal wurtzite structure with 4-fold tetrahedral
coordination (w-ZnO phase, P6;3mc). Similarly to other II-VI semiconductor compounds with wurtzite
structure, at high pressure w-ZnO undergoes phase transition into denser rock-salt structure with 6-fold
coordination (rs-ZnO phase, Fm3m)™* that is promising for optoelectronics applications due to its ability
to incorporate much higher concentration of dopants as compared to wurtzite ZnO.>”

11 The transition

At room temperature phase transition of w-ZnO into rs-ZnO occurs at about 9 GPa.
pressure depends both on temperature®’ and grain size.*'® Upon decompression at room temperature,
the reverse transition of as-synthesized microcrystalline 7s-ZnO into w-ZnO takes place at ~2 GPa, that
renders impossible to recover single-phase rs-ZnO at ambient conditions.”"!

The formation of 7s-ZnO from nanocrystalline w-ZnO occurs at much higher (> 9 GPa) pressures that
was explained by the significant contribution of surface energy.*'® For instance, w-ZnO with particles
size of 12 nm undergoes phase transition at ~15 GPa®. Decremps et al.'? and Bayarjargal ef al." claimed
quenching of nanocrystalline 7s-ZnO synthesized in a diamond anvil cell (DAC). However, the authors
did not mention whether the samples were recovered from DAC (and subsequently from the gasket) or
were studied just inside the cell. In the latter case, samples should preserve some strains that produce
small but considerable residual pressure sufficient for the stabilization of rs-ZnO. Very recently,
however, it has been clearly shown that recovery of single-phase nanocrystalline 7s-ZnO from DAC is
not possible.'*

Metastable rock salt Me"O-ZnO (MeH=Mg2+, Ni2+, Fez+, C02+, Mn2+)15’16 and LiMe"0,~ZnO

(Me" = Fe*", Ti’") solid solutions with high (up to 0.8 molar fraction) ZnO content can be recovered
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from 1400-1600 K and pressures above 7 GPa due to the stabilization effect of foreign cations, as
described previously.'” The use of oxide'® and salt' matrixes also allows one to recover metastable rs-
Zn0O nanocrystals by quenching from high (> 7 GPa) pressure and high (~800 K) temperature.

Here we report of the first synthesis of pure nanocrystalline bulk rs-ZnO in a large volume high-
pressure apparatus by quenching from ~7.7 GPa and ~800 K and the study of structure, thermal stability

and cathodoluminescence properties of this phase at ambient pressure.

EXPERIMENTAL SECTION

Starting materials. Since the size effect can be efficiently exploited only when particles with uniform
and narrow size distribution are used, for preparation of the starting w-ZnO nanopowders we have
chosen three chemical techniques that allow producing nanoparticles with a narrow grain size

202122 thermal

distribution, i.e. zinc oxide precipitation from Zn(CH3;COO), alcohol solutions,
decomposition of ZnO, zinc peroxide > and thermal decomposition of Zn(CH;COO), diethyleneglycol
solutions.”*** The experimental details can be found in Supporting Information.

The synthesized w-ZnO nanopowders have been studied by scanning (SEM) and transmission (TEM)
electron microscopy, X-ray diffraction (XRD) and surface area measurements (BET). The characteristic
SEM and TEM images of starting w-ZnO powders are given in Fig.1 (TEM image of sample NP1) and
Fig. S1 (TEM or SEM images of other samples) in Supporting Information. The X-ray diffraction
patterns of starting w-ZnO powders are also presented in Supporting Information (Fig. S2). We

emphasize that the particle size determined by TEM or SEM could be almost the same as crystallite size

calculated from XRD data (line broadening) but at larger sizes the difference is obvious (see Table 1).
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High-pressure synthesis. High-pressure experiments have been carried out using a toroid-type
apparatus™® (5-8 GPa, quenching experiments, gold capsules) at LSPM—CNRS (Villetaneuse, France)
and MAX200x multianvil press®’ (8—15 GPa, in situ studies and quenching experiments, MgO pressure
medium and BN capsules) at HASYLAB-DESY (Hamburg, Germany). The experimental details are
described elsewhere.'® Powdered samples were preliminary compacted to tablets, placed inside capsules,
then gradually compressed up to required pressure, heated at desired temperature (770-820 K) for 10—
15 min, then quenched by switching off the power and slowly decompressed. After pressure release the
bulk samples were recovered from high-pressure cell and studied at ambient pressure (Supporting
Information, Table 1).

Characterization. Phase composition of recovered samples has been studied by powder X-ray
diffraction using MZIIl Seifert (Cu Ka radiation) and G3000 TEXT Inel (Cu Kal radiation)
diffractometers. Synchrotron powder X-ray diffraction measurements (AL =0.69797 A) have been
performed at beamlines B2 (HASYLAB-DESY) and 1711 (MAX-lab); Debye-Scherrer geometry with
rotating quartz capillary was used. FullProf software™ has been used for profile analysis and refinement
procedure; the details of data processing are described elsewhere.?’ The powder diffraction patterns have
been analyzed using the Le Bail method®® to obtain the best values of lattice parameters and crystallite
size.

The specific surface area of w-ZnO powders was calculated according to the Brunauer-Emmett-Teller
(BET) method from nitrogen adsorption isotherms (Nova 4200e device, Quantachrome Instruments).

The particle size and micromorphology of synthesized w-ZnO nanopowders have been studied using a
LEO 912 AB (Carl Zeiss) transmission electron microscope and LEO Supra 50 VP (Carl Zeiss) high-
resolution scanning electron microscope. High resolution transmission electron microscopy (HRTEM)
images, selected area electron diffraction (SAED) patterns were recorded on a JEOL JEM-2100

microscope.
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The thermal stability of as-synthesized 7s-ZnO nanocrystalline bulks has been in situ studied by angle-
dispersive X-ray diffraction and X-ray absorption spectroscopy (XANES and EXAFS) at Structural
Materials Science beamline, Kurchatov Synchrotron Radiation Center (Moscow).”! High-temperature
X-ray diffraction measurements have been performed using a bent linear gas detector in the transmission
geometry (A= 0.826561 A) upon stepwise heating up to 400 K with an acquisition time of 5 min per
pattern. Before each data collection the sample temperature was stabilized for 10 min. Zn K-edge X-ray
absorption spectra have been measured in transmission mode using Si(111) channel-cut monochromator
and two ionization chambers filled with appropriate N»-Ar mixtures. Processing of EXAFS spectra was
performed using IFEFFIT software®® with ab initio phase and amplitude functions from FEFF8.** The
latter code was also used to simulate Zn K-edge XANES spectra of both rs-ZnO and w-ZnO within the
full-multiple-scattering approach. The calculation was performed similar to that in'' but the probe
cluster was extended up to 8 A (about 200 atoms).

The cathodoluminescence (CL) measurements have been performed using the original setup™
equipped with the pulsed "electron gun" and vacuum cryostat (5x10”7 mm Hg). The cryostat chamber
has a vacuum-tight transparent window that allows one to observe the luminescence from the sample.
The spectra were recorded using a diffraction grating spectrometer (dispersion 5 A/mm) and
synchronous detector at temperatures of 77 and 300 K. The current and energy were varied within the

ranges of 0.05-2 mA and 10-50 keV, respectively.

RESULTS

High-pressure synthesis and recovery of single-phase rs-ZnO

At room temperature compression of w-ZnO nanopowder with the smallest (~8 nm) particle size
(NP1) up to 15 GPa in the MAX200x multianvil press does not result in formation of the rock salt
phase, and X-ray diffraction patterns show only reflections of pristine nanocrystalline w-ZnO (See

Fig.S3 in Supporting information). Upon heating at 15 GPa, the lines of 7s-ZnO appear in the diffraction
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patterns starting with 600 K, and the total disappearance of w-ZnO reflections is observed at ~800 K.
Similar behavior has been observed at lower pressures, down to 8 GPa, both in multianvil and toroid-
type high-pressure apparatuses.

Here we observed an apparent extension of the phase transition hysteresis, viz., and the direct
transition occurs at RT at pressure higher than 15 GPa that by far exceeds the value of 9 GPa usually
observed for microcrystalline samples and we successfully achieved stabilization of the rs-ZnO phase
after moderate heating, quenching and pressure release. As was established later in the quenching
experiments upon temperature increase up to 770-820 K the transition pressure came down and 7.7 GPa
is a sufficient pressure value for the rs-ZnO phase stabilization. At the same time higher temperatures
could lead to the intensification of diffusion processes’ and consequently to the sintering and
coarsening of nanoparticles.

The w-ZnO powders (NP2-NP6, SMP, MP) with larger grain sizes (from 14 nm to ~1 um) were
treated at the same p-T conditions (7.7 GPa and ~800 K) using toroid-type apparatus. The as-synthesized
single-phase rs-ZnO is quenchable and can be recovered at ambient conditions in the bulk form with at
least 5 mm in diameter (See TOC). The results of X-ray phase analysis for recovered samples are
summarized in Fig. S4 and Table in Supporting Information. Samples NP1-NP5 showed rock salt
crystalline structure without w-ZnO impurity peaks, but samples NP6, SMP and MP showed a mixture
of two phases. We may conclude that there is the critical crystallite size (45 nm) of pristine w-ZnO
above which the 100 % recovery is not possible. It was also experimentally established that the presence
of microcrystalline particles in starting nanocrystalline w-ZnO sample leads to the appearance of w-ZnO
impurity peaks in diffraction patterns of recovered rs-ZnO.

Fig. 2 shows a characteristic powder X-ray diffraction pattern of rs-ZnO (NP2) taken at ambient
conditions. Rietveld refinement has shown that the recovered samples are single-phase, and observed
reflections can be indexed in the NaCl-type crystal structure (Fm3m space group, a=4.2813 A,
R,=0.03). Lattice parameters for all single phase samples (NP1-NP5) vary from 4.2807 to 4.2863 A, and

it is important to note that average crystallite sizes of rs-ZnO phase determined from XRD line

6
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broadening are very close for all samples studied (28-44 nm) irrespective of the crystallite size of
starting w-ZnO nanoparticles (see Table in Supporting information).

The HRTEM images of the recovered rs-ZnO (Fig. 3) exhibits domains (Fig.3b) of a different size
with well-ordered cubic structure separated by high angle grain boundaries probably inherited from
initial w-ZnO nanoparticles. The indexing of the fast Fourier transform (FFT) (top-left inset in Fig. 3a)
and the SAED pattern (bottom-right inset in Fig. 3a) of the HRTEM image are consistent with rock salt
structure as revealed by the XRD. Thus the sample has a rock-salt structure with the lattice parameter
a=0.43(1) nm. This value is in agreement, within experimental error, with that obtained by XRD
technique. SEM images of the synthesized samples (not shown here) typically demonstrate
submicrocrystalline structure with cracks and pores, and grain size below 50 nm. Summarizing the
electron microscopy and XRD data for NP1-NP5 samples, we can conclude that all of them are quite
similar being the true bulk material with nanocrystalline grains of approximately the same size.

Stability of bulk nanocrystalline rs-ZnO

At normal conditions bulk samples of nanocrystalline 7s-ZnO do not show any tendency to phase
transition into w-ZnO for at least 1 year. However, intensive grinding of the sample promotes the reverse
phase transition, and as-formed fine powder completely converts into w-ZnO within 2-4 weeks. Besides,
even a small amount of the initial microcrystalline w-ZnO remaining in the quenched samples leads to
relatively fast degradation of rs-phase.

Thermal stability of the recovered rs-ZnO at ambient pressure has been studied by high-temperature
synchrotron X-ray diffraction. The diffraction patterns of single-phase nanocrystalline rs-ZnO (NP3,
a=4.280(4) A) taken at ambient pressure upon stepwise heating are shown in Fig. 4. At T =333 K, the
changes become evident: a new series of peaks typical of w-ZnO emerges. The transformation virtually
completes at 393 K. The as-formed w-ZnO has lattice parameters of a = 3.242(3) and ¢ = 5.224(4) A and
crystallite size about 10 nm, that was estimated from diffraction peaks profile analysis. For other
samples we observed the similar behavior upon heating. For example, reverse phase transition of the

samples NP2 and NP5 occurs in the temperature range of 340-400 K and 350-370 K, respectively.
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A further insight into the details of local structure of nanocrystalline rs-ZnO and its thermally-driven
transformation into w-ZnO can be obtained from X-ray absorption spectroscopy (XANES and EXAFS).
The Zn K edge XANES spectra of the samples studied are shown in Fig. 5. The spectra of the rs-ZnO
and w-ZnO are distinctly different that reflects different coordination environments of Zn atoms therein,
viz., octahedral and tetrahedral, respectively. Both spectra (see Fig. 5) reveal a pre-edge shoulder A4 at
ca. 9670 eV, the main absorption band B at ca. 9675 eV, which appears to split into two components for
rs-ZnO, and post-edge peaks C and D. The peak C for rs-ZnO is shifted by about 6 eV to higher
energies with respect to w-ZnO, whereas, peak D reveals distinct “wiggle” structure. All these spectral
features are nicely reproduced in theoretical simulation. It is worth noting that the spectrum of rs-ZnO
after heat treatment is quite similar to that of reference w-ZnO but retains some subtle differences, which
probably reflects its disordered nanostructured nature.

EXAFS data are shown in Fig. 6. Fourier transforms (FT) of both 7s—ZnO and w—ZnO are dominated
by Zn—O and Zn...Zn contributions. However, in the rock salt structure, the Zn—O corresponds to the
longer distance while Zn...Zn to the shorter one. Local-structure parameters calculated from the
experimental EXAFS spectra by non-linear fitting procedure with ab initio theoretical amplitude and
phase functions are summarized in Table 2. The Zn...Zn distance of 3.03 A obtained from EXAFS
refinement for 7s-ZnO corresponds to the cubic lattice parameter of 4.285 A in fair agreement with
X-ray diffraction data. In the case of the rs-ZnO sample after heat treatment to 393 K, the structural
parameters are close to those for crystalline w-ZnO reference, although intensities of FT peaks are

somewhat diminished probably indicative of specific to nanocrystalline state atomic disorder.

Cathodoluminescence studies of rs-ZnO

The CL spectra of the rs-ZnO (at 300 K and 77 K) and room temperature CL spectra of w-ZnO
(pristine nanopowders and after reverse transition) for the sample NP5 are presented in Fig. 7 (for other
samples we observed similar spectra). The CL spectrum of the w-ZnO pristine nanopowders in the left

inset consists of intense, near-band-edge (NBE), ultraviolet emission with a maximum at 3.22 eV and a
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full width at half maximum (FWHM) of 134 meV and a broad defect-related green band with some
lower intensity near 2.34 eV, having a FWHM of 750 meV. In contrast, the CL spectrum of the rs-ZnO
at 300 K consists of a broad NBE band with maximum at 2.42 eV and FWHM of 420 meV. The
asymmetry of the peaks at 300 K and 77 K could be explained by the fluctuations of borders of the band
gap (Urbach rule), greater fluctuations are observed for conduction band border, since the effective mass
of the holes is higher than the effective mass of the electrons. The broadening of low-temperature peak
in comparison with 300 K peak indicates the absence of nonequilibrium free charge carriers and their
bound state on defects.

After the annealing at 473 K for 2 hours the spectrum of rs-ZnO sample drastically changes due to
reverse transition (rs-ZnO to w-ZnQO). The spectrum (right inset) consists of intense broadband with
maximum at 2.43 eV and this spectral position is independent of temperature. The absence of
characteristic NBE peak of w-ZnO in the UV-range can be attributed to the high concentration of defects
in the sample resulted from the phase transformation of initial nanocrystalline 7s-ZnO at relatively low
temperatures. The wavelength maximum of rs-ZnO at 300 K is independent on electron beam current
(power of excitation) and time delay that means that donor-acceptor pairs do not contribute to the
luminescence and this peak can be attributed to the NBE emission. The broadness of the peak could be
explained by nano-crystallinity of the sample and perhaps residual strain in the recovered sample.

Band gap of rs-ZnO can be estimated as 2.42 +0.06 eV at 300 K and 2.56 = 0.15 eV at 77 K. The
observed temperature dependence of band gap (coefficient is —0.63+0.5 meV/K) indicates that the
emission might be attributed to the NBE transition rather than intra-center luminescence. Luminescence

intensity decreases according to exponential law with t=0.75 + 0.03 mks.

DISCUSSION
Nanocrystallinity plays a decisive role for rs-ZnO phase stabilization. It is well known that there are

two general approaches for nanoparticles preparation — i) "top-down" (milling, for example) and ii)

8,12

"bottom-up" (solution synthesis). Previously™ ~, w-ZnO nanopowders for high-pressure experiments

9
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were prepared by grinding ZnO microcrystalline powders in a ball mill, and mean crystallite size of
12(2) nm was estimated from X-ray line broadening. Usually, long grinding time is accompanied not
only with reduction of mean grain (crystallite) size but also with enhancement of strain®®, formation of
point, linear and planar defects’’ and structural and composition irregularities during plastic

deformation®4°

. Besides, the sample exposed to long-time grinding is unavoidably contaminated by
material of balls and/or a vial**'**. All the factors can greatly influence to recoverability of rs-ZnO after
pressure release. Whereas w-ZnO nanopowders obtained by “chemical techniques” in the current work
are completely free from these problems.

Another example of “top-down” way for nanocrystallinity was described in the work®, where
nanocrystalline w-ZnO with grain size of 17 nm was obtained starting from single crystal w-ZnO by high
pressure treatment at 13 GPa and 500 K. Reverse phase transformation rs-ZnO—w-ZnO occurring at
room temperature after pressure release was responsible for nanocrystallinity. We have performed
similar experiments in order to check the possibility of rs-phase stabilization after repeated high
pressure and temperature treatment of microcrystalline ZnO powder at 7.7 GPa and 800 K. At the first
treatment nanocrystalline sample with (crystallite size was 17+4 nm)>> was obtained , but after the
second experiment at high pressure and temperature no traces of rs-ZnO phase were detected in the
diffraction pattern.

Our experimental results and literature data of two ways of rs-ZnO phase stabilization were
summarized in the form of a scheme (Fig. 8). In the left part of the scheme (“top-down” approach) the
evolution of pristine microcrystalline powder during all the four stages of milling, compacting, high
pressure treatment and pressure releasing is presented. At the first stage (la—b), milling of initial
microcrystalline powder leads to the ensemble of polydisperse particles with nanometer scale
crystallites. As-obtained powder can be easily compacted with rather high “green” density (1b—c).
Pressure induced phase transition occurs (1c—d), while grain reorientation and alignment promote the
crystallite growth even at moderate temperature. After pressure release in a large volume high pressure

apparatus quenching the rs-phase is not observed as a result of reverse rs to w-phase transition (1d—-e).

10
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In our work we have used the second (“bottom-up”) approach allowing us to obtain ensemble of
nanopowders with narrow particle size distribution without microcrystalline impurities (2a—b). In this
case nanoparticle size (TEM data) is equal to crystallite size (XRD data) (Fig. 1-2, Table 1). Tablets
prepared for high pressure treatment by compacting this kind of powders typically have low “green”
density (less than 70%) (2b—c). At high pressure and moderate temperatures (< 800 K) we did not
observe substantial grain (crystallite) growth in accordance with XRD measurements in situ neither for
the pristine w-phase nor for rs-phase after phase transition (2c—d). After pressure release XRD
measurements for the recovered samples exhibit only single rs-phase without impurities (2d—-e).

Obviously in the first case (milling microcrystalline powder or pressure treatment of single crystals)
formation of nanosized crystallites is not accompanied by formation of phase boundaries, instead of that
intergrain boundaries will not contribute significantly into the increase of free energy. Furthermore
reverse phase transition will not be restricted at intergrain boundaries compared to interparticle point
contacts. Micron sized particles more likely revert at pressure release to w-ZnO due to possibility of
spontaneous intragrain nucleation that is suppressed in the case of individual nanoparticle.

The crucial role of nanocrystalline size at phase transition at high pressure was previously discussed
by Alivisatios with co-workers in the work®®. It was illustrated that surface energy can play a dominant
role in determining the relative stability of structural nanocrystalline phases and must be taken into
consideration in studies of nanocrystal structural phase changes.

The rocksalt structure of ZnO nanocrystals, in analogy with “bottom-up” approach, should have higher
surface energy because the shape changes accompanying the transformation alter the crystallographic
facets. In analogy with the known shape changes for the CdSe nanocrystals described previously we may
suggest that these exposed faces in the rocksalt structure should be predominantly the (111) faces
parallel to the crystallographic c axis, and these are a particularly high-energy faces. So the effect of
metastability of rs-ZnO phase after pressure release could be revealed only for nanocrystals with open
surface that is realized in the right way of Figure 8. Noting the important role of the surface in the

kinetic stabilization of the metastable rs-ZnO phase it is necessary to analyze its condition, in particular,

11
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the role of surface (stabilizing?) groups. In the first case, these are hydroxyl groups, which may be
present on the surface of all the samples. Furthermore, in spite of prolonged annealing (see Supporting
information), we can not completely exclude the presence of residual organic groups from zinc acetate
(precursor) on the surface of samples NP1-NP4, except for the sample NP5 which was obtained by
decomposition of zinc peroxide. Obviously the role of the surface and especially surface passivating
groups should be studied in more details in future.

CONCLUSIONS

As a result of the present study, we have shown that the 7s-ZnO can be obtained by the high-pressure
treatment (7.7 GPa and ~800 K) in the form of nanocrystalline bulks with up to one cubic centimeter in
volume. Provided that starting w-ZnO powders prepared via chemical methods have narrow particle size
distribution, crystallite size therein does not exceed 45 nm, and no impurity of micrometer-sized
particles are present, the rs-ZnO phase can be reproducibly recovered at ambient pressure and
temperature and persist for at least several months. The reverse phase transition to the
thermodynamically stable w-ZnO phase is initiated by mild heating. Luminescent properties of 7s-ZnO
reported for the first time indicate a narrower bandgap (2.42 eV at 300 K) as compared to w-ZnO. All rs-
Zn0O samples, regardless of the size of the initial w ZnO nanoparticles exhibit similar microstructure and

luminescent properties.
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Table 1. Results of electron microscopy and XRD analysis of starting w-ZnO nanopowders

Sample tSynthetic* AyeraJlfge pasr]tgi;}[e Average crystallite Lattice parameter (A)
echnique S1z€ 1rom size from XRD data - -

and/or TEM (nm) (nm) a-axis c-axis

NP1 PAS 8(1) 9(1) 3.2542(8) 5.201(2)
NP2 PAS 14(3) 16(3) 3.254(1) 5.208(4)
NP3 PAEAS 16(3) 18(3) 3.2515(7) 5.2095(2)
NP4 PAEAS 15-25 18(3) 3.2524(5) 5.211(2)
NP5 TDZP 123(55) 11(2) 3.2536(8) 5.214(5)
NP6 TDPEGS | 200(40)/85(10)* 45(5) 3.2557(3) 5.2158(9)
SMP TDDEGS 150(70) > 50 3.2517(2) 5.2101(6)
mpl <1um — 3.2524(1) | 5.2110(7)

N . 20,21
* PAS — precipitation from alcohol solutions™

PAEAS — precipitation from alcohol (excess of alkali) solutions>

TDZP — thermal decomposition of zinc peroxide (Zn02)23

TDPEGS - thermal decomposition of Zn(CH;COO), polyethyleneglycol solutions®
TDDEGS — thermal decomposition of Zn(CH3;COO), diethyleneglycol solutions®>

t The BET surface areas of NP1 and NP2 powders are 5200+400 and 3200+400, respectively, that are much larger than the

surface area of MP" sample - microcrystalline ZnO powder (Alfa Aesar, 99.99%, 325 mesh, surface area of
500100 m*/mole).
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The particle shape is ellipsoid-like with average length ~200 nm, and traverse diameter ~85 nm.
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Table 2. Local-structure parameters around Zn atoms in the recovered rs-ZnO sample, products of its

thermal transformation at 393 K and reference w-ZnO sample from Zn K-edge EXAFS data

Sample Sphere N R, A o’ A?
7Zn-0O 6 2.09 0.0103
recovered Zn...7n 12 3.03 0.0096
rs-ZnO
7n...0 8 3.60 0.0131
Zn-0 4 1.97 0.0047
rs-ZnQ after Zn...Zn 12 3.23 0.0104
393 K
7n...0 9 3.77 0.0088
7Zn-0O 4 1.97 0.0042
w-ZnO* 7n...7n 12 3.22 0.0094
7n...0 9 3.75 0.0072

* Reference sample (MP) w-ZnO (see Table 1).
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CAPTIONS FOR FIGURES

Figure I. TEM image of w-ZnO nanopowder (NP1). Right inset — SAED pattern, left inset —

particle size distribution.

Figure 2. Experimental (circles), calculated (red solid line) and difference (blue solid line) X-ray
diffraction pattern(A = 1.540598 A) of the nanocrystalline 7s-ZnO (NP2) quenched from 7.7 GPa and
~800 K. Vertical bars indicate the calculated Braggs peaks position for s-ZnO.

Figure 3. a) HRTEM image of recovered nanocrystalline 7s-ZnO (NP1) Upper left inset — FFT
image, lower right inset — SAED pattern, b) HRTEM image of domains.

Figure 4. Diffraction patterns of nanocrystalline rs-ZnO (NP2) collected in situ upon
stepwise heating. Indexes for rs-ZnO are shown in the bottom while indexes for

w-ZnO are shown on the top.

Figure 5. Experimental (left) and simulated (right) XANES spectra for ZnO with the cubic rock-salt

(NP5) and hexagonal wurtzite structures.

Figure 6. Left: experimental (black) and best-fit (red) Fourier transforms of Zn K-edge EXAFS
spectra. Right: experimental EXAFS oscillations.

Figure 7. Center — RT (left) and 77-K (right) CL spectra of bulk nanocrystalline rs-ZnO (NP5)
synthesized at 8 GPa and 800 K. Left inset — the starting w-ZnO nanopowder; right

inset — CL spectra of the w-ZnO sample obtained by annealing of rs-ZnO at 473 K for
2 h

Figure 8. Scheme of phase transitions in the case of 1) top-down (milling) and 2) bottom-up (solution

synthesis) approaches to nanocrystals preparation
la) Initial stage — micron sized particles

1b) After milling — ensemble of polydispersed particles (SEM) with nanometer scale crystallites (XRD)
(SEM size > XRD size)

Ic) Easily compacted powders with high green density
1d) After high pressure treatment at room temperatures — phase transition to rs-phase
le) After pressure release - reverse phase transition of rs to w-phase. No stabilization!

2a) Initial stage — solution (See Supplementary Information)
18
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2b) After synthesis — ensemble of nanoparticles with narrow size distribution (TEM size = XRD size)
2¢) Poorly compacted powders with low green density
2d) After high pressure treatment at moderate temperatures — phase transition to rs-phase

2e) After pressure release - stabilization of rs-phase
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