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f ZnO nanoparticles: newmethods
to achieve high-purity nanoparticles for high-
voltage applications†

A. M. Pourrahimi,a D. Liu,a V. Ström,b M. S. Hedenqvist,a R. T. Olssona

and U. W. Gedde*a

Novel methods based on orienting and coating of ZnO nanoparticles were studied in order to obtain

uniform, nano-sized and ultra-pure ZnO grains/particles after heat treatment. A 1 nm zinc-hydroxy-salt

complex layer on the nanoparticle surfaces was revealed by thermogravimetry and infrared

spectroscopy. This ‘phase’ gradually decomposed into ZnO during the heat treatment while sintering

occurred above 600 �C, as revealed by scanning- and transmission-electron microscopy. The c-axis

alignment of the nanoparticles provided smaller pores than those associated with non-oriented

nanoparticles, presenting the means to obtain high-density ceramics. The orientation resulted in a

smaller grain size after heat treatment than that of the nonaligned nanoparticles. Another method that

involved three steps – silane coating, heat treatment and silica layer etching – was used to remove the

ionic species from the nanoparticle surface while preserving its hydroxylated surface. These ultra-pure

nanoparticles are expected to be key components in the development of HVDC insulation polyethylene

nanocomposites.
1. Introduction

Renewable electric power generation is a rapidly expanding
eld, and there is a need to increase the long-distance trans-
mission capacity with lower energy losses. The most feasible
solution is underground and submarine high-voltage direct
current (HVDC) cables with a maximum anticipated voltage of 1
MV by 2030.1 Extruded HVDC cables insulated with crosslinked
polyethylene are commercially available for use up to 525 kV.2

One strategy to enhance the insulating performance of poly-
ethylene is by the incorporation of dispersed metal oxide (e.g.
ZnO) nanoparticles at very low concentrations. The nano-
particles adsorb ionic/polar species and suppress space charge
accumulation in the insulating polymer matrix and thus reduce
the conductivity in a high electric eld.3–5 The challenge in
the development of nanocomposites with ultra-low electrical
conductivity is to nd highly pure nanoparticles without con-
ducting counter-ions on the particle surfaces, but, it is essential
that nanoparticles are functionalized with hydroxide groups in
order to allow further coating chemistry to be applied. High-
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purity ZnO is essential not only for electrical insulations but
also for varistor ceramics in electronic applications.

Different methods have been used to synthesize ZnO nano-
particles among which water-based precipitation at low
temperatures is versatile, inexpensive and gives a high yield,6

and the surfaces of the nanoparticles prepared by this method
have a high concentration of zinc hydroxide.6–10 The hydroxide
groups are stabilized by the anions remaining from the zinc salt
precursors which form quasi-crystalline zinc hydroxy salt
(ZHS)11–14 with a composition depending on the zinc salt
precursor anion. It has been suggested that the ZHS species
with acetate anions create an amphiphilic capping layer around
primary ZnO nanoparticles, and that they provide steric repul-
sion and colloidal stability among the particles during and aer
the aqueous precipitation.6,15,16 In contrast, nitrate counter-ions
could not form a capping layer, the result being extensive self-
assembly of the primary nanoparticles along the c-axis with sub-
micron ower-shaped morphologies.6 The ZHS phase adsorbs
impurities and forms hard aggregates of the nanoparticles in
polymer nanocomposites.7 The ZHS decomposes due to the
release of water and ionic species into pure ZnO during high-
temperature annealing.11,13

Heat treatment is thus efficient in transforming the nano-
particles with a surface ZHS phase into pure ZnO, but the
disadvantage is the accompanying undesirable nanoparticle
sintering leading to larger particles/grains.17 A higher break-
down voltage of nanocomposites with ultra-low electrical
conductivity was obtained by decreasing the particle size from
This journal is © The Royal Society of Chemistry 2015
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mm to nm.18 With regard to varistor applications, electrical
characteristics such as the resistivity and dielectric properties of
ZnO ceramics can be tuned by controlling the sintering
process.19–29 The grain boundaries in the varistors provide a
high charge barrier compared to that of the conductive ZnO
bulk grains, and hence the breakdown voltage depends on the
number of grain boundaries per unit volume.28,29 As the grain
size decreases, the number of grain boundaries increases and
this leads to an increase in breakdown voltage.30 Meng et al.27

obtained small-grain ultra-dense ZnO ceramics by a specic
heat treatment with a favourable electrical performance with
high breakdown strength, excellent nonlinear coefficient and
low leakage current.

Different methods have been used to obtain nano-sized
ZnO particles/grains aer the heat treatment: sintering under
different atmospheres,31–33 two-step sintering,26,30,34–36 microwave
sintering,37 spark plasma sintering,38 addition of dopants,28,39,40

silica coating17,27 and sintering using oriented particles.29 Spark
plasma sintering yields dense and ne-grained ceramics with a
rapid sintering rate, but the method is not useful for industrial
applications.36 A two-step-sintering process was developed with
the purpose of obtaining large quantities of nano-sized grains.
During the rst step, the relative density is increased by treat-
ment at temperatures above 900 �C by the destabilisation of
pores.35 The second step is carried out at temperatures below
600 �C with the purpose of minimizing the grain growth. The
relatively low nal density and the long sintering times required
are drawbacks compared to the conventional one-step-sinter-
ing.41,42 The silica coating of the particles retained the initial large
surface area, and the hydroxy salt complex on the particle
surfaces was transformed into pure oxide by the heat treatment.

This paper presents two new strategies to achieve high
purity, ne and nano-sized ZnO particles/grains during the heat
treatment above 600 �C intended for high-voltage applications.
In both strategies, the zinc hydroxy salt phase as a surface defect
was transformed to pure ZnO. One strategy was based on silane
coating of ZnO nanoparticles, heat treatment and nally
removal of the silica layer. The processed particles had a zinc
hydroxide surface without the presence of associated ionic
species while preserving their nano-sizes. Another strategy was
to increase the density of ZnO ceramics by orienting the nano-
particles and reducing the inter-particle pore size. A positive
effect of nanoparticle orientation is the possible minimization
of grain growth accompanying the heat treatment. It is shown
that a single-step-sintering process can yield uniform, nano-
sized and ultra-pure ZnO grains.

2. Experimental
2.1. Materials

Zinc nitrate hexahydrate (Zn(NO3)2$6H2O, $98 wt%, Sigma-
Aldrich), zinc acetate dihydrate (Zn(CH3COO)2$2H2O, $99wt%,
Sigma-Aldrich), sodium hydroxide ($98 wt%, Sigma-Aldrich),
octadecyl trimethoxy silane (OTMS, $90 wt%, Sigma-Aldrich),
ammonia hydroxide (25 wt%, Sigma-Aldrich), 2-propanol
($99.5 wt%, VWR), ethanol ($96 wt%, VWR) and potassium
bromide (KBr, $98 wt%, FTIR grade, Sigma-Aldrich) were used
This journal is © The Royal Society of Chemistry 2015
as received. High resistivity Milli-Q water (18.2 MU cm at 25 �C)
was used in all the aqueous reactions.
2.2. Synthesis of ZnO nanoparticles

2.2.1. Comparison of zinc salt precursor anions. ZnO
nanoparticles were prepared by an aqueous precipitation
method described by Pourrahimi et al.6 The reaction conditions
were identical and only the zinc salt precursor was altered. 500
mL of 0.2 M zinc salt precursor aqueous solution was prepared
and vigorously stirred for 15 min in a 4000 mL glass reactor
maintained at 60 � 0.5 �C under air. 500 mL of 0.5 M NaOH
aqueous solution heated separately to 60 �C was added to the
zinc salt precursor solution within a 3 s time period. The reac-
tion proceeded under vigorous mechanical stirring at 60 �C, and
was allowed to react for 1 h. Aer synthesis, the particle
suspensions were transferred into 500 mL plastic centrifuge
bottles and the reaction medium was replaced thrice with the
same volume of MilliQ water aer each centrifugation. The
suspension was exposed to ultrasonication as an intermediate
treatment before centrifugation and water replacement. The
ultrasonication treatment was carried out for 15 min at 23 �C
(Bandelin Sonorex RK 100H, volume ¼ 3 L, ultrasonic peak
output ¼ 320 W, and frequency ¼ 35 kHz). Aer nal centri-
fugation, the particles were dried at 80 �C and normal pressure,
ground to a ne powder with a pestle and mortar and nally
dried at 60 �C and 20 kPa for 2 h. The prepared particles are
designated as ZN-8g and ZA-8g, indicating the zinc salt (ZN ¼
zinc nitrate, ZA¼ zinc acetate) and the yield of the reaction (8 g).

2.2.2. Study of zinc hydroxy salt (ZHS) transformation.
Different concentrations of zinc acetate solution (0.05, 0.1, 0.15
and 0.25 M; volume ¼ 500 mL) were used to prepare zinc oxide
nanoparticles in various amounts, the concentration of the
NaOH solution being 2.5 times the concentration of the zinc
precursor solution. The amounts of the precipitated particles
were 2, 4, 6 and 10 g L�1, designated as: ZA-2g, ZA-4g, ZA-6g and
ZA-10g, respectively.6 All the materials were prepared under the
conditions described in Section 2.2.1.

2.2.3. OTMS coating of ZnO nanoparticles. 0.6 g ZnO
nanoparticles (ZA-8g) were dispersed in a solution of 40.8 mL
Milli-Q water and 188.4 mL 2-propanol. Ammonia hydroxide
(1.28 mL) was added to the ZnO suspension. The suspension
was stirred for 15 min, and 0.41 mL octadecyl trimethoxy silane
(OTMS) was then added to the suspension and allowed to react
for 3 h at room temperature. The coated particles were centri-
fuged and washed thrice in ethanol to remove excess OTMS and
the particles were nally dried at 80 �C overnight.
2.3. Heat treatment of zinc oxide particles

The ZnO particles were heat-treated from 23 �C to 600 �C with a
heating rate of 10 �Cmin�1 and held at 600 �C for 1 h in amuffle
furnace (ML Furnaces) with ambient air. The heat-treated
particles were designated as ZA-8g T and ZN-8g T. For the grain
growth study, pristine and OTMS-coated ZA-8g were heat-
treated in a Mettler Toledo TG/DSC 1 at different temperatures
(600, 800 and 1000 �C) and for different periods of time (10,
J. Mater. Chem. A, 2015, 3, 17190–17200 | 17191
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30, 60, 120 and 240 min) in dry nitrogen with a ow rate of
50 mL min�1.
2.4. Alkaline etching

Aer heat treatment, the 0.4 g OTMS-coated ZA-8g nano-
particles were dispersed in 50 mL of 1 M NaOH aqueous solu-
tion under ultrasonication for 30 min in order to remove the
silica shell. The applied energy per volume (weight) of the
nanoparticle material in the suspension was estimated to be ca.
4.8 kJ per 50 mL of particles (0.4 g). The etched ZnO nano-
particles were puried thrice in ultrasonicated Milli-Q water.
Fig. 1 Transmission electron micrographs of ZnO nanoparticles: (a)
non-oriented (ZA-8g) and (b) oriented (ZN-8g) (red and black arrows
show the c-axis and director).
2.5. Particle characterisation

A eld emission scanning electron microscope (SEM; Hitachi S-
4800) and a transmission electron microscope (TEM; Hitachi
HT7700) were used to assess the habit and size distributions of
the ZnO nanoparticles. For SEM: powder samples were coated
with a thin conductive layer of Pt/Pd (60/40) for 20 s of sput-
tering using a current of 80 mA in a Cressington 208 HR. The
samples were examined in the microscope with an acceleration
voltage of 5 kV and a current of 10 mA. The size distribution of
the nanoparticles was obtained by manually measuring 600
particles using ImageJ (National Institute of Health, Maryland,
USA). For TEM: the particles were deposited on 400 mesh
copper grids from a suspension of pure ethanol containing a
particle concentration of 0.45 � 0.05 g L�1. The samples were
dried and examined in the microscope operating at an accel-
eration voltage of 100 kV.

The Brunauer–Emmett–Teller (BET) method based on
nitrogen adsorption/desorption with aMicromeritics ASAP 2000
at 77 K was used to determine the specic surface area and pore
size distribution.

X-ray diffractograms of the powder samples were recorded at
room temperature using a PANalytical X'pert Pro MPD diffrac-
tometer with a Cu-Ka source (wavelength ¼ 1.54178 Å) using a
2q step size of 0.017�. The crystal size was obtained from the
Scherrer equation:

D ¼ kl

b cos q
(1)

where D is the crystal size in nm, k is a shape factor equal to
0.89, l is the wavelength (0.154178 nm), q is the Bragg angle and
b is the peak width at half-maximum (FWHM) in radians.

Thermogravimetry (TG) was carried out in a Mettler Toledo
TG/DSC 1. Powder samples weighing 5� 1 mg were placed in 70
mL alumina crucibles and heated from 30 to 800 �C at a rate of
10 �C min�1 in dry nitrogen with a ow rate of 50 mL min�1.

Infrared spectra of the nanoparticle samples before and aer
heat treatment were recorded with a Perkin-Elmer Spectrum
2000 FTIR spectrometer and analysed with Perkin-Elmer Spec-
trum soware (Norwalk, CT, USA). The samples were prepared
by mixing 3 mg of particles and 300 mg of ground KBr and
pressing the mixture under a load of 100 kN for 1 min in a die to
form a pellet. The wavenumber range used was 450 cm�1 to
4000 cm�1 with a spectral resolution of 4 cm�1. Each spectrum
was based on 32 scans.
17192 | J. Mater. Chem. A, 2015, 3, 17190–17200
Photoluminescence (PL) emission measurements were per-
formed at 23 �C in a Perkin-Elmer LS55 instrument equipped
with a Xe lamp. An aqueous particle suspension with a particle
concentration of 2.67 g L�1 was placed in a quartz cuvette with
an inner cross-section of 10 � 10 mm2. The excitation wave-
length was 290 nm, and both the excitation and emission slits
had a width of 5 nm.

X-ray photoelectron spectroscopy (XPS) spectra were
collected with a Kratos Axis Ultra DLD electron spectrometer
using a monochromatic Al Ka source operating at 150 W. An
analyser pass energy of 160 eV for acquiring wide spectra and a
pass energy of 20 eV for individual photoelectron lines were
used. The surface potential was stabilized by using the spec-
trometer charge neutralization system. The binding energy (BE)
scale was referenced to the C 1s line of aliphatic carbon, set at
285.0 eV. The spectra were processed with the Kratos soware.
Powder samples for the analysis were pressed into a pellet
directly on a sample holder using a Ni spatula.
3. Results and discussion
3.1. Morphology of ZnO particles

Fig. 1a and b show transmission electron micrographs of the
ZnO particles synthesized from zinc acetate and zinc nitrate
precursors, respectively. The zinc acetate precursor yielded
separate and randomly oriented nanoparticles with an average
size of ca. 25 nm, whereas zinc nitrate yielded submicron ower-
shaped particles with a symmetrical habit. These submicron
particles consisted of c-axis oriented primary nanoparticles
along each petal (spike) director, as shown by black arrows
(Fig. 1b). This important nding was conrmed by electron
diffraction and high resolution TEM data presented elsewhere6

(see also ESI, Fig. S1†). Oliveira et al.43 observed the orientation
of nanoparticles inside ower-shaped particles in a kinetic
study of the reaction between zinc nitrate and sodium
hydroxide. It was reported in another paper that only a few
nanoparticles deviated from perfect alignment as a result of
lattice imperfection, and improper stacking in contacting areas
among the primary nanoparticles44 inside the ower-shaped
particles.
This journal is © The Royal Society of Chemistry 2015
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Fig. 2 Scanning electronmicrographs of ZnO particles before and after heat treatment at 600 �C in air (a) ZA-8g, the inset shows the terrace-like
surface of a ZnO nanoparticle from top view; (b) ZA-8g T, arrows marked 1, 2 and 3 show the sintering steps as neck formation, grain boundary
formation and Ostwald ripening, respectively; (d) ZN-8g; (e) ZN-8g T; (c) and (f) particle size distribution.

Fig. 3 Normalized mass plotted as a function of temperature as
revealed by TG for the different ZnO particles prepared. Dashed and
solid arrows indicate the low and high temperature ranges.
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Fig. 2 presents scanning electron micrographs of non-
oriented and aligned ZnO nanoparticles, before and aer heat
treatment at 600 �C, together with the particle size distribu-
tions. The heat treatment smoothed the niched surface of both
nano and submicron particles and the nanoparticles merged
into larger grains. The nanoparticles doubled in size while the
submicron particles decreased from ca. 550 to 520 nm during
the heat treatment (Table 1). Mouzon et al.45 modelled the
transient structure during sintering. According to their model,
necks and grain boundaries between the primary particles were
formed and the sharp edges of the nanoparticles curved due to a
process referred to as the spheroidization process.45 Gu et al.46

removed the terrace-like surface (shown in the inset of Fig. 2a)
of the ZnO particles by heat treatment at 1100 �C in air and
obtained nanoparticles with atomically smooth Zn- and O-
terminated surfaces. Aer the grain boundary had formed, the
smaller particles were consumed by the larger particles by an
Ostwald ripening process (sublimation and recrystallization on
larger particles).33,47 These steps are shown in Fig. 2b (the inset
micrograph). The fact that the oriented nanoparticle aggregates
decreased in size by 6% on heat treatment suggested that the
sintering of the oriented nanoparticles increased the density by
20% (assuming that the bulk density is proportional to the
reciprocal of the oriented nanoparticle aggregate volume) by the
Table 1 Sintering characteristics of ZnO particles before and after heat treatment at 600 �C in air

Sample Metal salt precursor
SEM particle
size (nm)

BET surface
area (m2 g�1)

Crystal sizea

(nm)
Crystal size ratio
(Dc-axis/Da-axis)

b
Volume of unit-cell
(Å3)

ZA-8g Zn(O2CCH3)2$2H2O 25 � 6 33.6 22 1.19 47.9
ZA-8g T Zn(O2CCH3)2$2H2O 50 � 20 11.8 34 0.95 47.8
ZN-8g Zn(NO3)2$6H2O 555 � 146 12.6 22 1.47 47.9
ZN-8g T Zn(NO3)2$6H2O 524 � 137 3.8 25 1.00 47.8

a Crystal size was calculated based on the X-ray diffractogram peak at 36� corresponding to the (101) crystal plane. b The ratio
Dð002Þ
Dð100Þ

is obtained by

using the Scherrer equation (eqn (1)).

This journal is © The Royal Society of Chemistry 2015 J. Mater. Chem. A, 2015, 3, 17190–17200 | 17193
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Fig. 4 IR spectra of ZnO particles (a) synthesized from nitrate and
acetate zinc salt precursors in 8 g batches before (continuous curve)
and after (dotted curve) heat treatment at 600 �C in air, (b) synthesized
from different concentrations of the zinc acetate precursor, and (c)
heat-treated nanoparticles after exposure to humid air.
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elimination of inter-particle pores. These pores are further
discussed in Section 3.3.
3.2. Thermal decomposition of zinc hydroxy salt (ZHS) into
ZnO

Fig. 3 (upper diagram) shows the normalized mass plotted as a
function of temperature for non-oriented and oriented nano-
particle systems. The total mass losses of less than 3% in the
thermograms were divided into a low (30–185 �C) and a high
temperature (185–800 �C) region. The former was assigned to
the removal of loosely bound water on the nanoparticle surface,
17194 | J. Mater. Chem. A, 2015, 3, 17190–17200
and the latter was attributed to the decomposition of ZHS into
ZnO.11 The greater mass loss of the non-oriented nanoparticle
system (ZA-8g) in the low temperature region was due to the
larger surface area (33.6 m2 g�1) accessible for water sorption in
this sample compared to the sample based on the densely
packed oriented nanoparticles (ZN-8g) (12.6 m2 g�1) (Table 1).
The mass loss in the high temperature region was 2.5%
regardless of the nanoparticle orientation (Table 1), which
suggests that the hydroxyl group concentration on the nano-
particles was the same in the two systems (ZA-8g and ZN-8g).

It was reported that the ZHS phase formed as an interme-
diate complex during ZnO particle precipitation.48,49 For the
acetate system, the amount of ZHS composition increased with
a decrease in the concentration of zinc acetate solution during
the aqueous precipitation of ZnO particles.49 In order to clarify
the decomposition of ZHS species on the surface of ZnO parti-
cles, TG was carried out on samples based on non-oriented ZnO
nanoparticles synthesized using different concentrations of the
zinc acetate precursor (Fig. 3 (lower diagram)). The mass loss
curves showed four distinct regions of mass loss in the case of
the ZA-samples: 20–185 �C (loosely bound water), 185–380 �C,
380–600 �C and 600–800 �C (decomposition of ZHS into ZnO).
Moezzi et al.11 reported that acetone, acetic acid, acetic anhy-
dride and water evaporated in three steps at high temperatures
during the thermal decomposition of ZHS into ZnO. The
different products indicated that the ZHS structure was
Zn5(OH)8(C2H3O2

�)2$2H2O.8,11 The proposed chemical reaction
for the decomposition of ZHS into ZnO is:

Zn5(OH)8(C2H3O2
�)2$2H2O (s)/ 5ZnO (s)

+ 2H(C2H3O2
�) (g) + 5H2O (g) (2)

According to the stoichiometry of this decomposition reac-
tion, the measured high-temperature (>185 �C) mass loss of
2.5% from ZA-8g indicated that 7.3% of the ZnO nanoparticles
were covered by ZHS. It was assumed that the ZHS phase was
uniformly distributed over the exterior surface of the spherical
ZnO nanoparticles. The calculated ZHS thickness on the ZnO
nanoparticle surface was close to 1 nm. The expected thickness
of the ZHS layer ranges between 1 and 1.6 nm depending on the
size of the anions and their interaction with the zinc hydroxide
layer.50 A thickness of 1 nm corresponds to one atomic layer of
ZHS on the surface of a ZnO nanoparticle.

Fig. 4a shows the IR spectra of the non-oriented and oriented
nanoparticle samples before (continuous line) and aer
(broken line) heat treatment in air at 600 �C. The absorbance
band at 450–600 cm�1 is assigned to the Zn–O stretching and
the absorbance band at 880 cm�1 originates from the stretching
vibration of Zn–OH.51 Two different interaction types of OH
groups on the surface of ZnO particles have been reported:52 (i)
the 3000–3650 cm�1 band is due to the reversible dissociative
adsorption of hydrogen on both O and Zn sites; (ii) the 1610–
1630 cm�1 band is due to chemisorbed water. The broad peak at
ca. 1365 cm�1 corresponds to the nitrate anion vibration, and
the peak at ca. 1635 cm�1 shows the d-vibration of interlayer
water for the ZHS structure,50 which were found in the spectrum
of ZN-8g. The two broad absorbance peaks at 1380–1390�1 cm
This journal is © The Royal Society of Chemistry 2015
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and 1480–1510 cm�1 are assigned to the C–O and C]O
stretching vibrations in the acetate anion,50,53 which were
present in the spectrum of ZA-8g. The intensities of the nitrate
and acetate peaks around 1500 cm�1 were slightly weak due to
their low concentrations; however the presence of acetate
groups was conrmed by the XPS experimental results
described in Section 3.4. The high concentration of acetate
anions in ZA-2g, as indicated by TG (Fig. 3b), was also conrmed
by IR; the three intensities assigned to C–H stretching (2850–
2990 cm�1) were the highest for this particular sample (Fig. 4b).
The heat-treated samples showed none of the absorbance bands
assigned to the ZHS structure (Fig. 4a). The IR spectrum of the
heat-treated nanoparticles aer exposure to humid air (100%
RH for 3 h) showed a very small amount of either chemi- or
physi-sorbed water or zinc hydroxide (Fig. 4c). This was proof
that the heat-treated ZnO nanoparticles retained their struc-
tures even aer extended exposure to moisture.
3.3. Sintering characteristics of oriented ZnO nanoparticles

Fig. 5 presents nitrogen desorption/adsorption isotherms
together with the corresponding Barret–Joyner–Halenda (BJH)
pore size distributions (insert graphs) of the ZnO particles
before and aer heat treatment in air at 600 �C. All the samples
obeyed the isotherm type III with hysteresis loops of different
sizes according to the IUPAC classication.54 The samples based
on non-oriented nanoparticles prior to heat treatment exhibited
a small H1 hysteresis loop, suggesting nanoparticles with a
uniform size. A large H3 hysteresis loop was observed in the
case of the sample with oriented nanoparticles, suggesting that
the pores had a slit shape. The pores in solid materials are
classied as intra-particle, inter-particle and inter-aggregate
Fig. 5 Nitrogen adsorption (red filled squares)–desorption (blue open squa
in air (a) ZA-8g, (b) ZA-8g T, (c) ZN-8g, and (d) ZN-8g T. Inset: the corres

This journal is © The Royal Society of Chemistry 2015
based on the pore size.55 Since the nanoparticles in both
systems were synthesized as mono-domain crystals,6 they did
not show any intra-particle porosity. The non-oriented nano-
particles showed a small volume of inter-particle pores (2 to 4
nm), and a large volume of inter-aggregation pores (5 to 50 nm).
The oriented nanoparticle system showed mainly inter-particle
pores (3.5 nm) among the primary nanoparticles inside the
submicron ower-shaped particles. The inter-particle pores in
the oriented nanoparticle system were entirely removed by heat
treatment, whereas the sample based on non-oriented nano-
particles retained its inter-particle pores (Fig. 5c and d (the inset
graph)). This demonstrates the ultra-dense structure of heat-
treated oriented nanoparticles.

The removal of pores and the densication during heat
treatment are related to the sintering stress,56,57 dened as the
mechanical stress required to overcome the surface energy on
grain boundaries during sintering, which is proportional to the
reciprocal pore size.56–58 The pore sizes were taken to be 3.5 nm
in the oriented nanoparticle system and 25 nm in the non-
oriented nanoparticle system. Consequently, the sintering
stress for a sample with oriented nanoparticles (ZN-8g) was ca. 7
times larger than that for a sample with non-oriented nano-
particles (ZA-8g), causing less grain growth of the oriented
nanoparticles.

Fig. 6a shows X-ray diffractograms of the ZnO particles
before and aer heat treatment at 600 �C in air. None of the
samples showed any sign of a zinc hydroxy salt structure,
indicating that the thickness of the ZHS layer was below the X-
ray detection limit e.g. 3 nm.6 This is in accordance with the
predicted layer thickness of 1 nm revealed by TG (Section 3.2).
All the ZnO samples were highly crystalline with diffraction
peaks corresponding to the expected lattice planes with a Miller
res) isotherms of ZnO particles before and after heat treatment at 600 �C
ponding BJH (Barret–Joyner–Halenda) pore size distribution.
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Fig. 6 (a) X-ray diffractograms of ZnO particles before (data obtained
from ref. 6) and after heat treatment at 600 �C in air (marked T in the
figure). (b) Close-up of the (002) diffraction peaks for the different
samples.
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index of (hkl) in the Wurtzite crystal structure. The Wurtzite
lattice parameters, e.g. the crystal interplanar distances (d), were
calculated from the Bragg equation (l ¼ 2d sin q); the lattice
constants a and c and the crystal unit-cell volume (V) were
obtained from the lattice geometry equations:59

1

d2
¼ 4

3

�
h2 þ hk þ k2

a2

�
þ l2

c2
(3)
Fig. 7 Photoluminescence spectra of ZnO particles before (top) (data o
together with deconvoluted peaks. The excitation wavelength was 290

17196 | J. Mater. Chem. A, 2015, 3, 17190–17200
V ¼
ffiffiffi
3

p

2
a2c (4)

Fig. 6b shows a slight peak shi to higher diffraction angles,
i.e. a shorter interplanar distance and a smaller unit cell
volume, as a result of the heat treatment (Table 1). The
shrinkage of the unit cell is in accordance with earlier published
data, which was attributed to the relaxation of defects inside the
crystal unit cells, e.g. zinc and oxygen vacancies.60,61 In order to
gain more information about the crystal defects, photo-
luminescence measurements were conducted on ZnO samples
before and aer heat treatment (Fig. 7). All the samples showed
a strong and broad emission band in the ultraviolet, violet and
blue regions (370–500 nm) together with a weak emission band
in the green region (520–540 nm). These emissions have been
attributed to a variety of vacancy and interstitial defects on the
surface and grain boundaries of the ZnO particles.62,63 The onset
of the spectra was observed at longer wavelengths for the
oriented nanoparticles aer heat treatment. In order to clarify
this shi, the spectra of oriented nanoparticles before and aer
heat treatment were deconvoluted into a series of relatively
sharp Gaussian peaks centred at 386, 405, 417, 459, 484 and 530
nm. It was observed that the peak at 386 nm (3.21 eV) dis-
appeared and the intensity of the peak at 405 nm (3.06 eV)
clearly decreased. The former peak was assigned to near-band-
edge emission, and the latter was responsible for electron
transition from the conduction band to the zinc vacancy as an
acceptor level, 0.3 eV above the valance band.62 These high
energy transitions were attributed to poor crystal quality and the
presence of band-edge defects64 in ZnO nanoparticles before
heat treatment. However, the heat treatment of oriented ZnO
nanoparticles removed the high-energy barrier of crystal lattice
btained from ref. 6) and (bottom) after heat treatment at 600 �C in air
nm.

This journal is © The Royal Society of Chemistry 2015
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defects with reference to that of the non-oriented ZnO
nanoparticles.

The crystal size increased by 55% and 14%, respectively, for
ZA-8g and ZN-8g, indicating that there were signicant crystal
lattice diffusion and grain growth of the non-oriented nano-
particles compared to the oriented nanoparticles inside the
ower-shaped particles (Table 1). Yang et al.65 found repulsive
dipole–dipole interactions between nanoparticle surfaces
inside oriented nanoparticle aggregates, which inhibited the
fusion of ZnO crystals during synthesis. It is suggested here that
this repulsive energy between oriented nanoparticles inside
submicron ower-shaped particles inhibited the crystal growth
during the heat treatment. The crystal aspect ratio (Dc-axis/Da-axis)
showing the crystal habit66 decreased by 6% and 32% for the
non-oriented and oriented nanoparticle systems, respectively,
during heat treatment. The aspect ratio of the ZnO crystals in all
the systems was close to 1 aer heat treatment, which means
that the heat treatment changed the crystallographic direction
growth and made the crystals equiaxial. This process occurred
due to the surface and volume diffusion on solitary particles or
Ostwald ripening by the contribution of the adjacent particles
during heat treatment (see Fig. 2b inset). Suvaci and Özer29

showed that the ZnO templates aligned on the c-axis grew
anisotropically during sintering. The ZnO nanoparticles with a
pyramidal morphology exhibit a basal polar zinc plane of (001)
and nonpolar prismatic planes of (110) and (100) with both zinc
and oxygen termination.67 The grain growth of the ZnO nano-
particles during post heat treatment was greater for nonpolar
prismatic planes than for polar planes.33 Therefore, the nano-
particles aligned along the c-axis; the prismatic crystal planes
grew faster due to the more favourable zinc and oxygen atom
arrangements,29,68 resulting in lower grain growth along the c
direction for oriented particles. This shows that particle orien-
tation can be used as a method to obtain dense ceramics with
minimal grain growth during heat treatment. The previous
sintering methods (for example in ref. 19, 36 and 42) to obtain
fully-dense ZnO ceramics are not able to retain the grain size
less than 100 nm under low temperature heat treatment (i.e.
below 600 �C). In contrast, we show that the orientation of ZnO
Fig. 8 Scanning electron micrographs of (a–c) pristine and (d–f) OTMS
different temperatures.

This journal is © The Royal Society of Chemistry 2015
nanoparticles could pave the way to achieve a new generation of
ultra-dense ZnO ceramics for varistor applications with grain
sizes less than 25 nm and a large number of grain boundaries
per unit volume.
3.4. Grain growth of coated ZnO nanoparticles

Fig. 8 shows scanning electron micrographs of ZnO nano-
particles with and without OTMS coating on the nanoparticle
surfaces, which were heat-treated for 1 h in nitrogen at different
temperatures. The heat treatment was carried out in nitrogen in
order to avoid the effect of oxygen from the surrounding air on
the ZnO sintering process. The average size of the ZnO nano-
particles without coating was essentially unaffected by heat
treatment at 600 �C. More subtle changes in the particles
occurred, such as rounding of the sharp edges of the nano-
particles. The grain size increased sharply with increasing heat
treatment temperature above 800 �C. The OTMS coating on ZnO
nanoparticle surfaces inhibited the grain growth, and the sin-
tering occurred at temperatures above 1000 �C. The grain
growth of ZnO particles has been extensively investigated for
more than 50 years.39,40,69–73 The kinetics of the grain growth is
conveniently described by:73

Gn ¼ K0te
�Q

RT (5)

where G is the average grain size, n is the kinetic grain growth
exponent, Q is the apparent activation energy, R is the gas
constant, K0 is a constant, t is time and T is the absolute
temperature. The average grain size in a polycrystalline ceramic
material is given by:74

G ¼ 1.56L (6)

where L is the average grain-boundary intercept length
measured randomly on the scanning electron micrographs.

Fig. 9a shows the isothermal grain growth of the ZnO
nanoparticles with and without coating as a function of heat
treatment time. The kinetic grain growth exponent was
obtained from the slope of the tted line of log G vs. log t, which
-coated ZnO nanoparticles after heat treatment in nitrogen for 1 h at
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Fig. 9 (a) Isothermal grain growth rate (log scale) plotted as a function
of time (log scale) for ZA-8g nanoparticles with and without coating.
Ambient medium: nitrogen. (b) Arrhenius plot of the grain growth rate
for coated and uncoated ZA-8g nanoparticles.

Table 2 Activation energies and kinetic grain growth exponents of
ZnO nanoparticles with and without OTMS coating during heat
treatment in nitrogena

Sample nLT nHT

QLT

(kJ mol�1)
QHT

(kJ mol�1)

ZA-8g (pristine) 7.8 6.8 332 253
ZA-8g (coated) 28.9 3.5 180 475

a LT and HT were used for temperatures below and above 800 �C,
respectively.
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is 1/n. The slope of the tted line of ln G vs. T�1 gives the acti-
vation energy (Fig. 9b, Table 2). The high activation energies of
pristine ZnO nanoparticles suggested that the volume diffusion
was the rate-controlling mechanism. However, the low
Fig. 10 High resolution XPS spectra of synthesized nanoparticles (ZA-8g)
the sample etched with NaOH solution (TS-E).

17198 | J. Mater. Chem. A, 2015, 3, 17190–17200
activation energy obtained with the OTMS surface coating on
the ZnO particles indicated that surface diffusion was the
dominating sintering mechanism at temperatures below
800 �C. At 1000 �C, the surface diffusion changed to volume
diffusion, resulting in larger grains at higher temperatures. It
was concluded that silane coating is an effective way for
impeding the grain growth during heat treatment and the
removal of surface defects.

Heat treatment transformed the silane coating to silica while
the zinc hydroxy salt defects decomposed, yielding pure ZnO. It
was necessary to remove the silica layer in order to produce
nano-sized ZnO with an active hydroxylated surface. The pres-
ence of the hydroxyl groups on ZnO surfaces is of paramount
importance due to their pronounced effect on the chemical
activity of the nanoparticles in nanocomposites.52 XPS was used
to characterize the surface composition. Fig. 10a–c show the
high resolution spectra of the C 1s, Si 2p and O 1s photoelec-
trons for the synthesized nanoparticles (ZA-8g), the silica-coated
nanoparticles aer heat treatment at 600 �C (TS) and the sample
etched with NaOH solution (TS-E). The C 1s region shows two
peaks for the ZA-8g sample at 285.0 and 288.9 eV due to C–C and
C]O bonds75 in acetate groups on the ZnO nanoparticle
surfaces in the ZHS phase.76 These peaks were absent aer
coating/heat treatment of the TS sample, indicating that ZHS
defects had been removed by the heat treatment. The Si 2p
region shows that the silica peak at 102.4 eV was absent aer the
etching of ZnO nanoparticle surfaces with NaOH solution. The
O 1s region shows one peak at 530.0 eV with a large shoulder at
531.4 eV for the ZA-8g sample, assigned to O2� ions in the
Wurtzite structure and OH groups on the synthesized ZnO
nanoparticle surfaces, respectively. The peak assigned to
hydroxyl groups disappeared aer coating/heat treatment of the
TS sample. This peak reappeared aer etching the silica shell in
the TS-E sample, indicating the hydroxylated surface of the nal
ZnO nanoparticles. The coating/heat treatment/etching process
thus provided the nano-sized ZnO particles with activated
hydroxyl surfaces without the presence of associated ionic
species. These ultra-pure ZnO nanoparticles with the capability
of up-scaling have not been reported to the best of our knowl-
edge. These nanoparticles show their high potential in ultra-low
electrically conductive nanocomposites where the absence of
the ionic/polar species is of paramount importance.
, silica-coated nanoparticles after the heat treatment at 600 �C (TS) and

This journal is © The Royal Society of Chemistry 2015
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4. Conclusions

This study presents two methods using a suitable particle
orientation and coating of ZnO nanoparticles to obtain nano-
sized and ultra-pure ZnO grains/particles in a single-step heat
treatment at low temperatures. The oriented nanoparticle
systems obtained by the initial synthesis were more densely
packed than the systems consisting of non-oriented nano-
particles and this led to a reduction in the grain growth during
heat treatment. The nano-sized and dense ZnO ceramics with a
high concentration of grain boundaries have a potential use in
varistor applications. Another method was based on silane
coating of ZnO nanoparticles which inhibited the sintering
during heat treatment. The hydroxylated surface of the ZnO
nanoparticles was recovered by alkaline etching of the silica
shell. This process makes possible the synthesis of ultra-pure
nanoparticles with a hydroxide functional surface and, most
importantly, without the presence of counter-ions. These
nanoparticles have potential for use in polyethylene nano-
composites within the insulating layer of extruded HVDC
cables.
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