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Highly concentrated nanosized NiO particles have been prepared by means of vacuum
evaporation of Ni on NH2-terminated poly(ethylene oxide) matrix film and subsequent
purification by removal of a part of the matrix which was soluble in ethanol. TEM observation
revealed that the purified composites contain uniformly dispersed NiO particles with an
average diameter of less than 5 nm and fairly narrow size distribution. From the analyses
including high-resolution TEM, electron diffraction pattern, and X-ray diffraction (XRD),
the resultant particles were found to be fcc NiO, and significant lattice expansion was
observed. The chemical bonding of amine end groups of the matrix molecules to NiO particle
surfaces was suggested by XPS measurements. XRD and differential scanning calorimetry
measurements indicate that the matrix structure in the composite is amorphous. This
amorphous nature of the matrix could be caused by the restriction of molecular chain mobility
through the chemical interaction between NiO particles and matrix molecules, leading to
the insoluble nature of the composite in ethanol. On the other hand, the composite is soluble
in propionic acid with no evidence for significant aggregation of NiO particles. The maximum
content of NiO reaches ca. 50 wt % after purification, which is due to the localization of NiO
particles into some parts of the matrix film during formation of NiO particles. The particle
growth mechanism is discussed from the effect of initial amount of deposited Ni on the
average particle diameter, its standard deviation, and the content of NiO in the composite.

Introduction
Recently, nanosized materials have attracted much

attention because of their unusual chemical and physi-
cal properties different from those of bulk materials,
based on size-quantization effect and extremely large
specific surface area.1-5 In particular, nanosized nickel
oxides, NiO, are of great interest because they exhibit
particular catalytic,6-8 and anomalous electronic9-11 and

magnetic12-15 properties. The characteristic properties
of nanosized NiO particles enable one to tailor materials
for a variety of applications including catalysis,6-8

electrochromic windows,16 and sensors.17 Because these
properties can be enhanced with decreasing a particle’s
size, especially less than 10 nm, and are highly depend-
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ent on particle size, the precise control of the size and
distribution in nm regime is required. In addition, a
facile preparation process that allows convenient mass
production of these particles at high concentration is
necessarily for practical applications.

Many different methods have been intensively re-
ported for the synthesis of nanosized metal or metal
oxide particles, in which stabilizers such as polymers
and surfactants with polar functional groups have often
been used to prevent the particles from aggregating or
coalescing.18-22 However, there are only a few reports
on preparation of nanosized NiO fulfilling the requests
mentioned above.23-26 For example, in the case of wet
process for preparing metal colloids successfully via
liquid-phase reduction of metal salts in the presence of
stabilizer, posttreatment for complete oxidation of metal
particles is often required, which may cause the degrad-
ing or decomposition of stabilizer, thus leading to
aggregation of these nanosized particles.23,24 Moreover,
it is difficult to synthesize well-dispersed magnetic
particles at high concentration in these systems because
the particles have an intense tendency to aggregate,
probably due to the magnetic interaction.27,28

Recently, we reported a simple route to prepare
nanosized Au29 or Cu2O30 particles dispersed uniformly
in NH2-terminated poly(ethylene oxide) (PEO-NH2)
film. These nanosized particles can be obtained by the
vacuum evaporation of a metal on a molten PEO-NH2
film followed by postheat treatment. The vacuum-
evaporated atoms (or clusters) can diffuse into the
molten matrix, and formation of nuclei proceeds con-
tinuously because the matrix is heated at 50 °C during
metal deposition at which the molten PEO-NH2 can
behave as a viscous fluid, and hence nanosized particles
are formed at high content. Because these particles are
stabilized by the matrix molecules they can be dispersed
uniformly with no evidence for aggregation.

In this paper, we report on the preparation and
characterization of well-dispersed NiO particles with not
only small size (less than 10 nm) but also narrow size
distribution at extremely high content by using the
successful method. The important point to note is that
the dispersion condition of nanosized NiO particles is
unique in comparison with other systems such as Au
and Cu2O, i.e., main parts of the composite comprising

NiO particles and PEO-NH2 cannot be dissolved in
polar solvents (Au and Cu2O systems as well as PEO-
NH2 itself can be readily dissolved in ethanol). The
insoluble composite was extracted from the Ni deposited
matrix film by excluding excess PEO-NH2, and hence
the powder including well-dispersed NiO particles at
extremely high content can be easily obtained. Further-
more, the extracted composite powder can be dissolved
in propionic acid readily with no evidence for significant
aggregation between NiO particles, which leads to the
advantage of converting the powder into various forms
such as thin film or uniform mixing with other func-
tional materials. The characteristics of the particles are
investigated by using transmission electron microscopy
(TEM), selected area electron diffraction (SAED), X-ray
diffraction (XRD), and thermogravimetry analysis (TGA).
The microstructure of the composite is also discussed
in terms of interaction between PEO-NH2 and NiO
particles as well as of structure of PEO-NH2 by means
of Fourier transform infrared (FTIR) spectroscopy, X-ray
photoelectron spectroscopy (XPS), XRD, and differential
scanning calorimetry (DSC) analysis.

Experimental Section

Chemicals. Diamine-terminated poly(ethylene oxide) (PEO-
NH2, MW 2000) was purchased from Scientific Polymer
Products. The metal source used was high-purity Ni plate
(99.7%, Nilako Co.). All other reagents having a purity level
higher than GR grade were used without further purification.

Synthesis. PEO-NH2 was dissolved in ethanol and the
solution was coated uniformly on a glass substrate by means
of a spinning technique. The film thickness obtained was ca.
11 µm, which was determined directly from cross-sectional
SEM observation. After heating the film at 110 °C for 30 min
in air followed by drying in a vacuum for 30 min at room
temperature to remove residual solvent, the film was set in a
vacuum evaporating chamber. After holding the chamber at
50 °C for 10 min, metallic nickel was vacuum-evaporated at a
pressure of ca. 5 × 10-4 Torr and a deposition rate of ca. 0.2
nm/sec monitored by means of a quartz oscillator. The thick-
ness of deposited Ni ranged from 100 to 400 nm.

After the vacuum evaporation was completed, the films were
retained in the chamber for 10 min until cooled to room
temperature. Oxidation of Ni can occur during the vacuum
evaporation process because of residual oxygen (as will be
explained in the discussion section). The films were then heat
treated at 110 °C for 30 min in air. This post heat treatment
is essential for obtaining a homogeneous distribution of the
particles throughout the depth of the Ni-deposited PEO-NH2

film. As the initial amount of deposited Ni increases, the
viscosity of the matrix increases, which arises from its thixo-
tropic property.31,32 The increase in the viscosity prevents the
nuclei or atoms (cluster) formed on the PEO-NH2 film from
further diffusion into the matrix film. Therefore, upon deposi-
tion of a relatively high amount of Ni, some of the particles
obtained may distribute near the surface region. The post heat
treatment allows further diffusion of the localized particles
because the temperature is higher than that during the
vacuum evaporation process.

The films were then shaved from the glass substrate and
immersed in ethanol at room temperature for 60 min. The
supernatants were excluded by means of centrifugation at
6000 rpm for 10 min. The purification was performed several
times repeatedly until the components soluble in ethanol were
completely extracted (until the supernatant exhibited no color).
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Finally, the residues were dried in vacuo for 30 min and the
dark green powders were obtained as samples. Unless other-
wise noted, all the measurements were performed for these
purified samples.

Instruments. TEM examinations of samples were carried
out on a JEOL JEM-2010 transmission electron microscope
operating at 200 kV. Thin sections of the samples were
obtained by the following procedure. The samples were im-
mersed in an epoxy matrix, curied at 60 °C for 24 h, and sliced
with a Leica Ultracut UCT ultramicrotome using a diamond
knife. The thin sections were then mounted on a conventional
carbon-coated copper grid.

X-ray diffraction studies of the samples were carried out on
a Rigaku RINT-2100 diffractometer. Cu KR radiation was used
as the X-ray source with applied voltage of 40 kV and current
of 40 mA. 2θ angles ranged from 15° to 80° with a rate of 4°/
min by step scanning at intervals of 0.1°. The patterns
obtained were calibrated using gold films deposited on a glass
substrate. The gold (111) reflection was used as a standard
for calculation of lattice spacing of NiO nanoparticles.

The crystallite size of NiO was calculated from the XRD
spectra in accordance with Scherrer’s formula. X-ray photo-
electron spectra were obtained with a ESCA 3400 spectrometer
(Shimazu) using an Mg KR X-ray source. Calibration of the
binding energy of the spectra was performed with the C 1s
peak of the aliphatic carbons of the PEO-NH2 matrix (284.6
eV). TGA (Rigaku TG 8120) was used to determine the content
of NiO in the samples. To measure the weight loss, the samples
were placed on a basket and heated at a rate of 10 °C/min
from room temperature to 550 °C. IR spectra were measured
using a FTIR spectrometer (FT/IR 615R, Japan Spectroscopic
Co.) in diffuse reflectance mode. Thermal properties of the
samples were analyzed by DSC (Rigaku, DSC 8230L) under
nitrogen atmosphere.

Results and Discussion

Synthesis and Characterization of Nanosized
NiO Particles. Typical TEM images and electron
diffraction patterns of the sample with the deposited Ni
thickness of 400 nm are shown in Figure 1. The small
particles with a nearly spherical shape are considerably
well-dispersed and uniform in size with an average

diameter of 4.0 nm (Figure 1A and B). The correspond-
ing selected area electron diffraction (SAED) pattern is
indicated in Figure 2C, in which some broad Debye-
Scherrer rings characteristic of nanocrystallite materi-
als can be seen. To calculate plane distances correctly,
the intensity distribution curve was obtained from the
SAED pattern (Figure 1D). The reflection appearing
around 150 of relative peak position was decomposed
into two subcomponents using a Gaussian curve-fitting
program with a nonlinear least-squares method. Four
peaks correspond to plane distances of 0.242, 0.209,
0.154, and 0.128 nm which are approximately consistent
with the indices (111), (200), (220), and (311) of face
centered cubic (fcc) NiO, respectively. For further
characterization of the nanosized particles, their lattice
images were observed by using high-resolution TEM
(inset in Figure 1A). The lattice spacing is estimated to
be 0.212 nm which is also nearly consistent with (200)
spacing of bulk fcc NiO (d ) 0.209 nm), but the value is
just slightly higher than that of bulk material, implying
that the lattice expansion occurs. Similar results have
been observed in other samples with different deposited
Ni thicknesses. This is further evidenced from the X-ray
analysis shown later.

To obtain NiO particles using the present process, it
is crucial to control vacuum pressure (5 × 10-4 Torr) in
the chamber during vacuum evaporation of Ni. XRD
study revealed that the NiO was found to be formed just
after Ni deposition without post heat treatment in air.
On the other hand, in the case that the Ni deposition
was performed under 1 × 10-4 Torr, XRD measurement
and TEM observation indicated that the structure of the
obtained particles could be a metallic nickel surrounded
by a NiO thin layer (results not shown). It is well-known
that metallic nickel is readily oxidized and forms an
oxide thin layer at its surface, which plays a role of
passivate layer to prevent further interdiffusion of
oxygen. Cordente et al. have reported that, even for Ni
particles with average diameter of 4.5 nm (protected by
polymer), the oxidation could not be completed by heat
treatment at 100 °C for two weeks in air.23 In fact, Ni/
NiO particles obtained in this study are also stable
without further oxidation proceeding for more than 3
months at ambient conditions. We believe that vacuum-
evaporated Ni is completely oxidized to NiO during the
vacuum evaporation step (at 5 × 10-4 Torr) due to
residual oxygen.

In Figure 2, the XRD pattern shows remarkably broad
reflections associated with the formation of small-sized
particles. The (200) interplanar spacing (d ) 0.212 nm

Figure 1. (A) TEM image and (B) corresponding size histo-
gram of NiO particles dispersed in PEO-NH2. The thickness
of deposited Ni is 400 nm. TEM sample was prepared by
mounting thin sections of the composite obtained by ultrami-
crotome technique onto carbon-coated TEM copper grid. Inset
in A: high-resolution TEM image of NiO particle. (C) SAED
pattern and (D) intensity distribution curve taken from SAED
pattern of NiO particles dispersed in PEO-NH2.

Figure 2. XRD pattern of NiO particles dispersed in PEO-
NH2. The thickness of deposited Ni is 400 nm. The solid lines
show diffraction peak positions of bulk fcc NiO.

4918 Chem. Mater., Vol. 15, No. 26, 2003 Deki et al.



at 2θ ) 42.55 °) was consistent with that estimated from
lattice images shown in the inset of Figure 1A. The
crystallite size of NiO particles was determined from
the full width at half-maximum of each reflection using
Scherrer’s formula; the value of which is 1.8 nm, much
less than the average particle size (4.0 nm) estimated
from TEM observation, indicating the polycrystalline
nature of the NiO particles. It is noted that all the
diffraction angles are found to be shifted toward lower
values. From the diffraction angle, the lattice constant
was estimated to be 0.4288 nm, which was 3% larger
than that of bulk value (0.4177 nm). It is known that
the nanosized metal oxide particles sometimes show an
increase of their lattice constant with decreasing particle
size in nm regime.33-38 In our system, the dilation of
the lattice constant may be considered to be due to a
grain boundary effect or incorporation of oxygen vacan-
cies in the lattice. However, further experimental study
is necessarily to verify these assumptions and results
will be reported elsewhere.

Structural Analysis of the Composite. Although
TEM analysis has confirmed that nanosized NiO par-
ticles disperse uniformly and are isolated individually
in the sample, the composite is insoluble in polar
solvents. The reason for this insoluble nature of the
composite, which can be related to the interaction
between the nanoparticles and the matrix molecules,
should be demonstrated. Figure 3 shows FTIR spectra
for the PEO-NH2 matrix and the sample with the
lowest amount of deposited Ni (100-nm Ni thickness).
The spectrum of the matrix (Figure 4a) is well charac-
terized by bands attributed to the backbone modes of
PEO together with the amine end groups. After incor-
poration of NiO particles, no significant change can be
seen in the spectrum (Figure 4b), suggesting no major

structural decomposition or transformation of backbone
chains. On the other hand, in the XPS spectra shown
in Figure 4, the N 1s peak of amine end groups for this
composite is found to slightly shift toward higher
binding energy (399.8 eV, Figure 4b) as compared with
that for bare PEO-NH2 matrix, which is centered at
399.0 eV.39 This indicates that the amine end groups
in the composite are in different environments, presum-
ably due to chemisorption to the surface of the NiO
particles.

To elucidate the structure of the matrix component
in the sample, we also examined it using the XRD and
DSC techniques that are useful for characterizing the
crystallinity and thermal property of polymeric matrix,
respectively. Figure 5 shows XRD patterns of PEO-NH2
and the samples with the lowest (100 nm) and highest
(400 nm) initial amount of deposited Ni. The diffraction
peaks for PEO containing NiO particles (Figure 5b and
c) are found to be much less intense in samples
compared to those of the pure PEO-NH2 (Figure 5a),
indicating that the incorporation of NiO particles causes
a significant decrease in the crystallinity of PEO-NH2.
There is no difference in profiles of Figure 5b and c,
despite the major difference of NiO content in these
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Figure 3. FTIR spectra of bare PEO-NH2 (a) and composite
with initial deposited Ni thickness of 100 nm (b).

Figure 4. N 1s X-ray photoelectron spectra of bare PEO-
NH2 (a) and composite with initial deposited Ni thickness of
100 nm (b).

Figure 5. XRD patterns of bare PEO-NH2 (a) and composite
with initial deposited Ni thickness of 100 nm (b) and 400 nm
(c). The solid lines show diffraction peak positions of bulk PEO.
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samples. Effect of incorporation of NiO particles is also
observed in the thermal property of the sample. Figure
6 shows the DSC curves of these three samples. As
expected, bulk PEO-NH2 (Figure 6a) exhibits the
definite endothermic peak that is attributed to the
melting point of PEO-NH2. On the other hand, for the
samples containing NiO particles (Figure 6b and 6c),
no peaks can be seen in the range of 10-50 °C. It should
be noted that the endothermic band could not be
detected over the wide range of temperature examined
(from -90 °C to 70 °C), indicating that the amorphous
structure of the matrix is thermodynamically stable.

These results obtained by FTIR, XRD, and DSC
demonstrate that most of the amine end groups in the
matrix molecules have relatively strong chemical inter-
action with NiO particles, and therefore the mobility of
the matrix molecule is highly restricted, resulting in the
amorphous structure of the matrix. We believe that this
effect causes the insoluble nature of the composite in
polar solvents.

Dispersibility of NiO Particles in Solvent. Upon
practical application, it is crucial to obtain a stable
solution in which nanosized particles are dispersed
uniformly without aggregation, because such a solution
enables us not only to form a uniform film on a variety
of substrates but also to mix nanosized NiO particles
homogeneously with other components. It was found
that the composite was readily soluble in propionic acid
instead of ethanol. The solutions are very stable at room
temperature with no indication of aggregation or coa-
lescence of the NiO particles occurring over several
weeks. This stability is because the amine end groups
bound to NiO particles can be oxidized in part by the
acid, presumably due to protonation of amine end
groups,40 and hence chemical bonding between the NiO
particle and PEO-NH2 may be isolated. The solutions
were dropped on a carbon thin film supported on a
copper grid, and then TEM observation was performed.
Figure 7 presents a representative TEM image and size
distribution of the sample (thickness of deposited Ni 400
nm), showing uniform dispersion of NiO particles (aver-
age diameter 4.7 nm, standard deviation 0.59 nm). The

average diameter slightly increased as compared with
that of the sample before being dissolved in propionic
acid, while the standard deviation decreased (see Figure
1). This suggests that relatively small NiO particles can
aggregate with larger NiO particles or with each other,
because most of the protective matrix molecules may
be isolated for these smaller particles.

Formation Process of the Composite in PEO-
NH2 Film. To investigate the spatial distribution of the
particles in the PEO-NH2 matrix film before purifica-
tion, cross-sectional TEM observation was carried out.
A representative TEM image of the matrix film after
vacuum evaporation of Ni is shown in Figure 8.41 The
image shows that nanosized NiO particles are localized
within some parts of the PEO-NH2 film but isolated
individually. The localization is probably due to the
magnetic property of Ni.27,28 Both average diameter and
standard deviation of the particles, which are estimated
from the cross-sectional TEM image, are nearly consis-
tent with those of the composite obtained after purifica-
tion (Figure 1), suggesting that the parts containing the
localized NiO particles in the PEO-NH2 film correspond

(40) Guo, H. F.; Lin, H. Z.; Yu, T. L. J. Macromol. Sci., Pure Appl.
Chem. 2002, A39, 837.

(41) This sample was prepared as follows: poly (vinyl alcohol) (PVA)
film was adhered to a glass substrate with tape, and PEO-NH2 films
were formed on the PVA film by spinning technique. Then metallic
nickel was vacuum-evaporated on the substrate (Ni thickness 400 nm)
under the same conditions as other samples. Finally, after the Ni/PEO-
NH2/PVA film was exfoliated from the glass substrate, a thin cross-
section was obtained with conventional ultramicrotome technique.

Figure 6. DSC curves of bare PEO-NH2 (a) and composite
with initial deposited Ni thickness of 100 nm (b) and 400 nm
(c).

Figure 7. TEM image and corresponding size histogram of
NiO particles stabilized with PEO-NH2 after dissolving the
composite in propionic acid.
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to the final composite. Figure 9 shows the correlation
between NiO content as measured by TGA and the
initial amount of deposited Ni. The dashed line repre-

sents the values calculated from an initial amount of
deposited Ni and a thickness of the matrix film under
the assumption that NiO particles are uniformly dis-
persed spatially throughout the PEO-NH2 film.42 The
significant increase in NiO content is observed for the
composite as compared with calculated ones. This
increase results from purification of the samples, during
which the part of the composite soluble in ethanol (free
PEO-NH2 containing no NiO particles) is removed.

As shown in Figure 10, both the average diameters
and standard deviations of NiO particles increase with
increasing thickness of deposited Ni, indicating that the
sizes of NiO particles with relatively narrow distribution
are controllable on a nanometer scale by varying the
initial amount of deposited Ni. For the sample with
initial deposited Ni thickness of 100 nm, the average
particle size is very small, while the increase in NiO
content is observed after purification (Figure 9). This
demonstrates that the localization of NiO particles to
form aggregates in the matrix (Figure 8) can occur
during early stages of the Ni deposition.

From the above results, the proposed process of
formation of the composite into the matrix film is
illustrated in Figure 11. Because the vacuum evapora-
tion of Ni was performed at 50 °C, at which the matrix
film melts and behaves as a viscous fluid, deposited Ni
atoms or clusters (nucleus) can diffuse into bulk phase
of the PEO-NH2 matrix and form nanometer-sized NiO
particles through oxidation by residual oxygen. Then,
these particles concentrate in some parts of the matrix
to form aggregates, presumably due to magnetic effect,
during which the amine end groups of the matrix
molecule may form a strong coordination bond with NiO
particles and have a strong ability to protect the NiO
particles from coalescence. When both end groups of one
PEO-NH2 molecule bind to neighboring NiO particles,
the mobility of the molecule is highly restricted. This
may cause the characteristic nature of the composite,
i.e., insolubility in ethanol, and hence the present
processes enable us to obtain the composite including
well-dispersed NiO particles at high content.

Conclusions
The composites consisting of NiO particles dispersed

uniformly in the PEO-NH2 matrix were obtained by
vacuum evaporation of Ni on a molten PEO-NH2
matrix film followed by purification. The results have
shown that the particles have average particle size
below 5 nm with relatively narrow size distribution, and
the particle size can be controlled by varying the initial
amount of deposited Ni. HRTEM observation and XRD
analysis indicate an expansion of lattice spacing, which
may be due to an increase of oxygen vacancies or
distortion in polycrystalline NiO structure with decreas-

Figure 8. TEM image for thin section of as-prepared NiO
particles dispersed in PEO-NH2 film.

Figure 9. Variation of NiO content calculated from TGA
analysis (solid line and open circle) and from initial amount
of deposited Ni and the thickness of PEO-NH2 film (dotted
line) with the thickness of vacuum-evaporated Ni. The value
of PEO-NH2 density is employed as 1.1 g/cm3.

Figure 10. Plots of average diameter (open circle) and
standard deviation (closed circle) of NiO particles dispersed
in PEO-NH2 as a function of the thickness of deposited Ni.

Figure 11. Schematic representation of the formation process of the composites.
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ing particle size. It is confirmed by XPS measurements
that NiO particles have an interaction with amine end
groups of the matrix molecule, which is related to
isolation and well-dispercity of NiO particles in the
composite. The structure of the matrix molecules in the
composite is found to be amorphous, which is thermally
stable because the mobility of the molecules is highly
restricted due to interaction between the amine end
groups and the NiO particles. The composite is soluble

in propionic acid to form a clear solution with no
evidence for significant aggregation, and the solution
is very stable. Cross-sectional TEM observation shows
that the dispersed NiO particles localize into some parts
of the PEO-NH2 film before purification. The anoma-
lous dispersion behavior enables us to obtain the
composite involving extensively high content of NiO
particles (maximum content: ca. 50 wt %). Thus, the
present composite containing nanosized NiO particles
will be a potential material for not only providing a
favorable system for fundamental investigation of the
unique physical properties based on quantum size effect,
but also utilizing nanosized NiO particles for various
technological applications.

CM021754A

(42) Calculated line was obtained using following equation: x )
100 WNiO/(WNiO + tPEO dPEO), where x is the NiO contents in the
composite (wt %), WNiO is the weight of NiO per unit area (cm2)
calculated using deposited Ni thickness and bulk density (under the
assumption that all the deposited Ni was oxidized to NiO), tPEO is the
thickness of the PEO-NH2 matrix (11 µm), and dPEO is the bulk density
of the PEO-NH2 matrix (1.1 g cm-2).
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