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ABSTRACT: ZnO nanowires were investigated at high pres-
sures of up to 27 GPa in situ in a diamond anvil cell using
synchrotron X-ray diffraction. Upon compression, a wurtzite-
to-rocksalt phase transformation was observed, but both the
onset and the completion pressures of this transformation were
enhanced compared with all previously studied morphologies of
ZnO, including nanocrystals and their bulk counterparts. Upon
decompression, the rocksalt phase was found to sustain at near
ambient pressure and could be recovered in a significant amount.

Moreover, the pressure —volume equations of state for both the wurtzite and the rocksalt phases indicate that their bulk moduli are
significantly higher than those of bulk ZnO and nanocrystals. The SEM images of the ZnO nanowires both before and after the
compression suggest the pressure-induced morphology modifications, corroborating the understanding of other structure and
property evolutions with pressure. Finally, possible pressure-induced phase transition mechanisms were explored by examining the
cell parameters and the internal structural parameter with pressures.

B INTRODUCTION

As an important wide band gap semiconductor (E; = 3.37 eV),
ZnO has a wide range of applications, such as in piezoelectric
transducers, chemical sensors, optical coatings, photovoltaics,
and ceramics.' > In contrast to the corresponding bulk counter-
parts, nanostructured ZnO has enhanced electronic, and photo-
conducting properties.”* Because of the unique crystal quality
and photonic properties, in particular, 1D ZnO nanomaterials
have been used as functional units in the fabrication of electronic,
piezoelectronic, electrochemical, and highly sensitive gas sensors
with nanoscale dimensions.® ® Therefore, an increasing research
effort has been focused on nanostructured ZnO, especially in
exploring new structures, properties, as well as synthetic meth-
ods. In addition to the traditional synthetic and fabrication
routes, external pressure can provide an alternative effective
driving force to tune the structures and thus the properties of
the nanostructured materials.” Therefore, investigations of the
structural and phase transformations of nanomaterials under high
pressure represent a prevailing materials research frontier.'" "> One
of the most interesting observations in those studies is that the
compressed nanomaterials behave significantly differently than
their corresponding bulk counterparts under pressure. For ex-
ample, our previous studies on 1D nanomaterials (e.g,, SnO, nano-
wires and nanobelts,"! GaN nanowires,'® and BN nanotubesu)
have demonstrated profound implications for producing con-
trolled structures by combined pressure—morphology tuning.

Under ambient conditions, ZnO has a wurtzite-type (B4)
structure (space group P63mc) regardless of the morphologies."* "
The wurtzite phase transforms to a rocksalt-type (B1) phase
(space group Fm3m) upon compression to some certain threshold
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pressure (e.g, >8.8 GPa).'® This B4-to-B1 phase transition in
ZnO has been extensively investigated usin§ different experi-
mental and theoretical approaches,>'*'7**~>> but the transition
pressure varies in a broad range depending on the morphology of
ZnO as well as other experimental conditions. For instance, it was
well-established that the B4-to-B1 ghase transition for bulk ZnO
takes place at ~9 & 0.2 GPa.'”*’"*° However, the transition
pressure for ZnO nanocrystals falls in the broad range from 10.5
to 15.1 GPa as the §rain size of the nanocrystals varies from S0 to
12 nm, 131417202

In contrast to bulk ZnO and nanocrystals, which have been
extensively studied, only a few high-pressure studies have been
carried out on 1D ZnO so far. Hou et al. reported a high-pressure
study on ZnO nanotubes showing that the B4-to-Bl phase
transition took place at 10.5 GPa, the same as ZnO nanocrystals
with a grain size of 50 nm. However, the pressure at which the
transformation is completed (i.e., 18.4 GPa) '® was significantly
higher than that for bulk ZnO"® and ZnO nanocrystals™" (i.e., 13
and 15 GPa, respectively). In addition, Yan et al.”® examined the
doped ZnO nanowires with Raman spectroscopy under high
pressures. A phase transformation was claimed between 10.3 and
12.2 GPa, but no detailed structural information was provided.
The results of all of these high-pressure studies on nanostructured
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Figure 1. SEM images of ZnO nanowires before (a) and after compres-
sion (b). The inset of panel a shows a larger scale image of the nanowires.

ZnO are summarized in Table 1 together with some representa-
tive studies on bulk ZnO.

In this Article, we report the first high-pressure study of ZnO
nanowires using the synchrotron X-ray diffraction technique.
Starting with laboratory synthesized ZnO nanowires, we com-
pressed the nanomaterials to high pressures of up to 26 GPa,
followed by decompression. The quantitative analysis of the dif-
fraction patterns revealed new and interesting structural informa-
tion that allows for the understanding of the high-pressure be-
havior of ZnO nanowires as well as the associated transition
mechanisms.

B EXPERIMENTAL SECTION

ZnO nanowires were synthesized in a continuous flow reactor
by mixing equimolar precursor solutions of Zn (NO3) 3+ (H,0)s
and hexamethylenetetramine (HMT) both at a concentration of
100 M and a temperature of 95 °C. This catalyst-free growth of
nanowires was driven by screw-dislocations,”” and the detailed
apparatus, synthetic procedures, as well as the experimental
parameters that control the morphologies of ZnO nanowires
have been reported elsewhere.”® The scanning electron micro-
scopy (SEM) images (Figure 1 a) revealed that the ZnO had a
very good wire morphology and uniformity with an average
length of 3 to 4 #m and width of 50—100 nm.

High-pressure experiments were performed using a symmetric
diamond anvil cell (DAC) equipped with a pair of type-I diamonds
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Figure 2. Selected X-ray diffraction patterns of ZnO nanowires upon
compression to 26.4 GPa and decompression to ambient pressure. The
pressures in gigapascals are labeled. The solid and dashed arrows
indicate the compression and decompression sequence, respectively.

with a culet size of 400 ym. A preindented stainless-steel gasket
drilled with a 130 #m hole at the center was used as the sample
chamber. Neon gas was compressed into the DAC with the
sample by a special gas-loading system and was used as the pres-
sure-transmitting medium to maintain the hydrostatic condi-
tions. The pressure was determined by the well-established ruby
fluorescence method using an online ruby optical system. A
motorized gear box was also employed to regulate the pressure
with fine increments.

In situ angle-dispersive X-ray diffraction measurements were
carried out at room temperature using the 16ID-B beamline of
the HPCAT at the Advanced Photon Source. The incident
wavelength of the monochromatic beam was 0.4072 A with a
beam size of to 4 x 5 um” focused at the sample. The diffraction
data were recorded on a MAR345 imaging plate with an exposure
time of 60 s; then, the 2D Debye—Scherrer diffraction patterns
were integrated by using the Fit2D program. A detailed Rietveld
analysis was performed using the GSAS package.

M RESULTS AND DISCUSSION

X-ray diffraction measurements were performed on ZnO
nanowires on compression of up to 26.4 GPa followed by
decompression. The selected X-ray patterns are depicted in
Figure 2. All diffraction reflections at the near ambient pressure
can be indexed to the known B4 structure with lattice constants
ofa=b=23.2517 A and ¢ = 5.2006 A, consistent with the previous
diffraction measurement of ZnO.2 Upon compression, the B4
phase was found to persist to 12.9 GPa, as indicated by the
consistent indexing of all reflections associated with this phase. At
13.7 GPa, a new reflection appeared at 10.8431° with discernible
intensity, which can be indexed as (2 0 0) for the Bl phase,
indicating the onset of the wurtzite-to-rocksalt phase transforma-
tion. This onset phase transition pressure is significantly higher
than that observed in the ZnO nanocrystals, nanotubes, or the
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Table 1. Summary of High-Pressure Studies of ZnO with Different Morphologies

B4-to-B1 transition pressure (GPa)

compression” decompression bulk modulus (GPa)
morphology dimension pressure-transmitting medium P 12 2 B4 phase B1 phase
bulk b 8.7 2 183 228
helium* 8.8 12.8 3.2 135 178
silicon oil” 8.9 115 154 229
nanocrystal 50 nm* silicon oil 10.5 13 151 221
12 nm* 16:3:1 MeOH-EtOH-H,O 132 17.5 1.7
nanotube’ d: 10—70 nm 4:1MeOH-EtOH 8.0—10.5 13.7—-184 152 242
nanowire® w: 50—100 nm neon 13.7 24.1 0.6 208 334
:3—4 um

P, and P, indicate the starting and completing pressures of the phase transition, respectively. "Ref 24. “Ref 18.  Ref 14. *Ref 21.” Ref 16. ¢ This work.

corresponding bulk material in general, as shown in Table 1.
Then, the B4 and B1 phases coexisted when compressed, even to
22.4 GPa. The Rietveld analysis (Figure 3 a) indicates that at this
pressure the initial B4 phase still has a significant abundance of
~35%. Upon further compression, the wurtzite-to-rocksalt phase
transition was completed at 24.1 GPa, as suggested by the
disappearance of all diffraction reflections associated with the
B4 phase. We note that both the onset and especially the com-
pletion pressure for the wurtzite-to-rocksalt transition are higher
for ZnO nanowires in the current study than those for bulk or
nanocrystal ZnO previously studied (Table 1). The ZnO nano-
wires were found to maintain the pure B1 phase up to 26 GPa, the
highest pressure achieved in this study. The rocksalt phase was
reported to persist up to 200 GPa before undergoing another
phase transition.””*° Therefore, no further compression was car-
ried out.

The differences in the pressure-induced phase transitions
between nanostructured and bulk materials have also been
observed in other materials with either enhanced or reduced
transition pressures. Transition pressure enhancement has been
observed in many nanomaterials, such as nanocrystal (e.g.,
CdSe,*" ZnS,** and PbS*®) and 1D nanomaterials (e.g, GaN
nanowire,'® $SnO, nanowire and nanobelt,"! ZnO nanotube,'®
and BN nanotube'?). However, some oxide nanocrystals, such as
Ce0,>* and )/-Fe203,35 exhibited reduced transition pressures.
According to Jiang et al,,*' such variations of transition pressure
can be generally understood by examining the contributing
thermodynamic functions. The driving force of the structural
transformation characterized by the change in Gibbs free energy,
AG, between the involved phases, can be interpreted as the
change of three components: the ratio of volume collapse
(PAV), the surface energy difference (AAy), and the internal
energy difference (AU)."" In most cases mentioned above, the
internal energy difference can be negligible for transitions invol-
ving solid phases. A larger ratio of volume collapse is typically
associated with the reduction in the transition pressure,” whereas
increasing surface energy can contribute to the enhancement of
transition pressure.”' As a result, the directions in which the transition
pressures shift would be mainly determined by the competition
between the volume collapse and surface energy difference. In all
high-pressure studies of ZnO, a volume collapse was estimated
to be around 16.5% at the transition pressure regardless of the
morphologies.”' Thus, the component of the ratio of volume
collapse can be considered to contribute to the overall AG negligibly.

Therefore, it can be inferred that the surface energy difference
would be the dominant factor leading to variations in the transition
pressures of ZnO in different forms. From Table 1, the enhanced
transition pressures were observed for both nanocrystals and
nanowires, and the values varied with the morphology and grain
size among these nanomaterials. The above analysis suggests that
the surface energy increase in nanocrystals and nanowires is
associated with both the grain size and nanomorphologies. After
all, it can be inferred from the relative transition pressures that
the surface energy increases from nanocrystals of a large size (e.g,,
50 nm) to nanowires (<100 nm) and then to nanocrystals with a
small size (e.g,, 12 nm).

In addition, the much higher completion pressure P, for B4-
to-B1 phase transition (i.e., 24.1 GPa) can be attributed to
the pressure-induced morphology tuning effect.'® Even with a
pressure-transmitting medium (i.e., the neon), the morphology
of the nanomaterial can be modified by the pressure, resulting in
a broader distribution in morphology and dimensions than the
starting nanomaterials upon compression. The SEM images taken
before and after the compression (Figure 1a,b) revealed that some
ZnO nanowires were converted to smaller nanoparticles under the
compression. The modification of the morphology with a broad-
ened size (and thus surface energy) distribution in ZnO nano-
wires could contribute to the extended phase stability region for
the B4 phase and thus the B4—B1 coexistence region. Remark-
ably, it is noticed that a large number of the recovered nanowires
still preserve the wire shape (Figure 1 b), in strong contrast to
many other metal oxide or nitride nanowires whose morIl)holo—
gies were subject to substantial pressure modifications.'”"! Such
preserved wire morphology together with the larger bulk mod-
ulus (discussed later) implies the extreme toughness of the ZnO
nanowires.

The backward phase transformation was also investigated.
Upon decompression, the B1 phase was found to persist to
0.6 GPa characterized by the reflections exclusively associated with
this phase (Figure 2). Then, the recovery of the B4 phase was
only observed below 0.6 GPa or at near ambient pressure, as
shown by some reflections associated with the B4 phase in the
diffraction pattern of the recovered material (Figure 2). Com-
pared with the forward transition pressure of 14.7 GPa, the much
lower back transformation pressure indicates a large hysteresis
for the pressure-induced transformations of ZnO nanowires. Such
large hysteresis suggests that the high-pressure Bl phase is a
metastable phase because prominent hysteresis was typically
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Figure 3. Rietveld refinement of XRD patterns at 22.4 GPa upon
compression (a) and the recovered phase (b). The red cross is experimental
X-ray intensity, whereas the green solid line is the calculated diffraction
pattern based on refinement with the black curve at the bottom showing
the difference between the calculated and observed intensities. The
vertical bars with different colors indicate the characteristic reflections of
different phases labeled in the front.

associated with different kinetic barriers that impede the sharp
transition often involving a metastable phase.'”"" Moreover, as
indicated in Table 1, the backward transition pressure of 0.6 GPa
was significantly lower than that observed in bulk materials and
nanocrystals (i.e., 2.0°>°® and 1.7 GPa,* respectively). In addi-
tion, the B4-to-B1 phase transition is completely reversible for
bulk Zn0.2>3¢ However, in both nanocrystals21 and nanowires,
the metastable Bl phase can still be detected in the recovered
sample as a mixture with the B4 phase. Especially for the ZnO
nanowire, the Rietveld refinement (Figure 3b) shows that the B1
phase still has an abundance of ~10%. All of these observations
strongly demonstrate the possibility of producing specific struc-
tures or phases by combined pressure—morphology tuning.
The compression curves of the ZnO nanowire for the B4 and
B1 phases were plotted in Figure 4 in comparison with those for
the ZnO nanocrystals and their bulk counterparts previously
studied.'#'*'**By fitting the third-order Birch—Murnaghan
equation of state, the bulk moduli (By) of the B4 and B1 phases
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Figure 4. Pressure dependence of the unit cell volume for ZnO
nanowire at room temperature in comparison with those for bulk and
nanocrystals. Solid circles (B4 phase) and triangles (B1 phase) are the
experimental data points obtained from this work. The solid lines
represent fits to the Birch—Murnaghan equation of state. Dashed lines
and dotted lines are the EOS for nanocrystals and bulk materials from
refs 22 and 15, respectively.
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Figure S. Cell parameter ratio as a function of pressure for ZnO
nanowire. Solid and opened triangle symbols represent the a/a, and
¢/co for the B4 phase, respectively. The solid circles are the a/a, ratio for
the B1 phase.

for the ZnO nanowire were determined to be 208 and 334 GPa,
respectively, with the first derivative (By') being fixed at 4. As can
be seen, the bulk moduli of both the B4 and B1 phases are
significantly larger than those for nanocrystals (ie., 151 and
221 GPa)'* and their bulk counterparts (i.e., 135 and 178 GPa)."® In
particular, for the high-pressure B1 phase, the ZnO nanowire
exhibited a 47% enhancement in the bulk modulus compared with
that for bulk ZnO. Such a size- and morphology-induced enhance-
ment of ZnO nanowire stiffness can be understood in parallel with
other nanomaterials. For example, CeO, and y-Fe, O3 nanoparticles
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Figure 6. Pressure dependence of c¢/a ratio (solid squares, left vertical
axis) and the internal structural parameter u of wurtzite structure ZnO
(open triangles, right vertical axis) as a function of pressure obtained
from Rietveld refinement. The lines show the results from refs 10
(dashed line) and 21 (dotted line), respectively.

exhibited the same enhancement of the bulk modulus compared
with the bulk materials,>>*” whereas no obvious difference in
compressibility was observed for ZnS nanocrystals.> In contrast,
the compressibility of PbS and y-Al,O3 was found to increase with
decreasing nanoparticle size. Furthermore, a strongly contrasting
compressibility was observed for TiO, nanoparticles; that is, the
bulk modulus of the rice-shape particles was reduced, whereas
that of the rod-shaped particles was enhanced by >50% relative to
that of the bulk materials.*® Therefore, multiple factors contri-
bute to the mechanical properties of nanomaterials. In this case,
the individual ZnO nanowires can be considered to be single
crystals with a strictly 1D morphology that carries very few or no
defects.”® The high crystallinity and defect-free nature of the
nanowires may contribute to the enhanced mechanical proper-
ties. A similar scenario was also observed in SnO, nanowires.'*

To understand the phase transition mechanism, we first
plotted the a/ag and ¢/c, ratios for the B4 phase as a function
of pressure in Figure S, where g, and ¢, represent the ambient-
pressure unit cell parameters. It can be seen that the ¢ axis exhibits
a higher degree of pressure dependence (0.0070 A/GPa) than
the a axis (0.0041 A/GPa) before the onset pressure for the B4-
to-Bl transition, indicating that the pressure-induced lattice
deformation was more prominent along the ¢ axis. Moreover,
from the pressure dependence of the ¢/a axial ratio for the B4
phase depicted in Figure 6, a turning point was observed at
14 GPa, coincidental with the onset of the B4-to-B1 phase transi-
tion. Below this point, the ¢/a ratio follows an obvious decreasing
trend and then abruptly increases with compression until the
transformation is complete. In Figure 6, the internal structural
parameter u obtained from the Rietveld refinements was plotted
as a function of pressure. This parameter u is an atomic coordinate
along the ¢ axis for oxygen atoms residing on the Wyckoff position
(1/3, 2/3, u) in space group P63mc, which defines the relative
position of the two sublattices in the hexagonal wurtzite struc-
ture. Therefore, the pressure dependence of the u value could
serve as the path indicator of the structural change. As indicated

in Figure 6, the u value remains almost constant with a very minor
decrease below 4 GPa and then increases slightly to 0.411 at
14 GPa. Thereafter, the u values increase quickly up to ~0.508 at
22 GPa, beyond which the B4 phase converts to the Bl phase
completely.

These results help to evaluate the previously proposed phase
transformation models. As suggested by Saitta and Decremps,”
the B4 phase can be converted to the B1 phase via a tetragonal
path via an intermediate tetragonal phase characterized with each
Zn (or O) atom located at the body center of the square pyramid
formed by five O (or Zn) atoms. The ¢/a and u remain close to
that of the B4 structure first; then, the ¢/a ratio decreases to bring
the Zn atom from the body center to the base center of the
pyramid until u = 0.5, resultin4% in the B1 structure. However,
Limpijumnong and Jungthawa™ proposed an alternative model
that the B4-to-B1 phase transition could follow a hexagonal path.
In this model, the ¢/a ratio first decreases continuously, whereas
the u increases to 0.5. Then the 7 angle (60°) opens up to 90°,
and the B1 phase forms eventually. In this work, the ¢/a ratio was
observed to decrease monotonically with compression before the
transition started. Although the u values exhibited no obvious
increase below 4 GPa, the overall trend still demonstrated an
increase in the u value with pressure, suggesting that the B4-to-B1
phase transformation in the ZnO nanowire is more likely via the
hexagonal rather than the tetragonal path. This hexagonal model
was also progosed for other ZnO materials, such as nanocrystals,"*
nanotubes,'® and their corresponding bulk counterparts,'® as
indicated by either the changes of the ¢/a ratio or the u values.
Therefore, our results indicate that the transformation path for
the B4-to-B1 of ZnO is independent of the morphologies or one-
dimensionality.

Il CONCLUSIONS

In summary, we have investigated the high-pressure structures
and properties of the 1D nanostructured ZnO using synchrotron
X-ray diffraction. The B4-to-B1 phase transformation was found
to start at 13.7 GPa and to complete at 24.1 GPa, the highest
completion pressure for the B4-to-Bl phase transformation
observed in ZnO so far. Upon decompression, the pure high-
pressure Bl phase was found to persist down to 0.6 GPa. Bulk
moduli for the B4 and B1 phases were determined to be 208 and
334 GPa, respectively, both of which were drastically enhanced as
compared with ZnO in other morphologies. Aided by the SEM
images, the combined pressure-morphology effects on ZnO
wires can be understood based on other nanostructured materials
previously studied. Finally, the pressure dependence of both the
unit cell parameter c¢/a ratio and the structure parameter u
strongly suggests the B4-to-B1 phase transition for ZnO nano-
wire via the hexagonal path.
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