Fabrication of Nickel Oxide Nanocomposite
Layer on a Flexible Polyimide Substrate via
Ion Exchange Technique

Shuxiang Mu, Dezhen Wu, Yue Wang, Zhanpeng Wu,* Xiaoping Yang, and Wantai Yang

State Key Laboratory of Chemical Resource Engineering, Beijing University of Chemical Technology,

Beijing 100029, China

ABSTRACT Continuous nickel oxide (NiO) nanocomposite layer on flexible polyimide (PI) substrate was prepared via an ion exchange
technique. First, nickelIT) poly(amate) layers were formed on both surfaces of PI film through chemical surface modification of PI
films in aqueous NaOH solution and then ion exchange in aqueous NiSO4 solution. Subsequently, hydrothermal treatment of the
Ni**-loaded PI films in an aqueous urea solution led to Ni(OH), formation in the surface-modified layers. Final thermal annealing in
ambient air made Ni(OH), decompose to NiO, which diffused and aggregated to give continuous layers on both surfaces of PI film.
The composite films were characterized by XRD, XPS, SEM, TEM, TGA, and DSC, respectively. Results from SEM and TEM measuring
revealed that the NiO layers consisted of NiO nanoparticles with diameter ranging from 10 to 15 nm. Thermal properties of PI/NiO
nanocomposite films were similar to those of host PI. This paper provides an effective methodology for the preparation of polymer/
metal oxide nanocomposite films, which hold great promise toward the potential application in the areas of flexible microsensors

and devices.
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INTRODUCTION
ransitional metal oxides are key materials in catalysis,

microelectronic, optical, and magnetic applications.

Considerable efforts have been, therefore, focused on
synthesis and characterization of nanocomposites contain-
ing transitional oxide nanoparticles, especially polymer/
transitional metal oxide nanocomposites as polymer base
offers advantages in weight, flexibility, elasticity, fragility,
and deployability with respect to inorganic supports such as
glass, metals, and ceramics. Among various polymers, poly-
imide (PI) is a class of versatile high-performance polymer
that continues to gain importance in aerospace and elec-
tronics applications ( 1—4). It has excellent thermal stability,
high mechanical strength, good film-forming ability, superior
radiation and chemical resistance, good adhesions, and low
dielectric constant. Therefore, PI is an attractive matrix for
composite materials for various devices in which chemical
and thermal stability is required. The fabrication of PI/
transitional metal oxide nanocomposites has been attracting
increased attention because of the advantages of coupling
of the two components.

The polymer/metal oxide composites have been tradi-
tionally prepared by mixing metal oxide nanoparticles with
polymer solution and followed curing of the material (5, 6)
or sputtering metal oxide on polymer substrate (7). How-
ever, these processes often lead to inhomogeneous disper-
sion and uncontrollable size distribution of the metal oxide
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particles. Another route for preparing Pl/metal oxide nano-
composites is the in situ synthesis process which works by
dissolving a metal salts or complex within polymeric precur-
sor solution and decomposing to its corresponding metal
oxides while curing or drying the films (8—12). The advan-
tage of this process is the uniform distribution of the metal
oxide source (typically metal ions) and the structure homo-
geneity of the precursors, which provides a resultant homo-
geneous dispersion of the nanoparticles. However, this
process suffers from the drawback of remaining the metal
salts or complexes in the polymeric substrates, which gives
rise to serious degradation of the polymeric matrix during
curing (11, 12). Thus, some metal salts with strong acids
groups could not be used as the metal oxide precursors and
only certain metal complexes containing moderate organic
acid groups could be added into the PI matrix at lower
concentration levels. For instance, Taylor’s group prepared
PI/Fe,O5 composite films by the in situ synthesis approach
through incorporation of iron(I1l) acetylacetonate, Fe(acac)s
in poly(amic acid) (PAA) solution. The films were found very
brittle during thermal treatment when the concentration of
iron ions was more than 4 wt % (11).

Recently, several groups, including ours, reported that the
surface metallized PI films could be prepared through the ion-
exchange self-metallization technique (3, 4, 13, 14). This
method mainly relies on chemical surface modification of
PI films to form cation exchangeable groups (i.e., carboxyl
groups) and subsequent incorporation of metal ions via ion-
exchange reaction. Subsequent thermal treatment of the
metal ion-loaded PI films induces metal ions reduction to
give the metal surfaces without the addition of external
reducing agent. In this article, we report on extending the
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Scheme 1. Schematic Diagram of the Proposed
Process for the Formation of Continuous NiO Layer
on PI Substrate via Ion Exchange Technique
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ion exchange technique to the fabrication of metal oxide
layers strongly adhered to a flexible PI substrate. We selected
NiO as a model metal oxide, because as one of the versatile
and technologically important p-type semiconductors, it is
widely used as catalysis (15), magnetic material (16), the
p-type transparent conducting films (17), anode material for
electrochromic devices (18), functional sensor layer for
chemical sensor (19), the p-type layer for UV detector (20),
and smart windows (19). The procedure for preparing Pl/
NiO nanocomposite films is shown in Scheme 1. Nickel ions
were incorporated into the alkali-treated surface layers of PI
films via an ion exchange process in nickel salt solution.
Subsequent deposition process in urea solution made nickel
ions convert to NiO precursor which decomposed to NiO
nanoparticles during final thermal treatment in ambient air,
resulting in a thin PI layer containing NiO nanoparticles. In
this method, most common water-soluble nickel salts con-
taining strong acid radicals, such as sulfate, hydrochloride,
and nitrate, can be used as NiO precursors. During ion
exchange in nickel salt solution, only positive ions are
exchanged into the polymeric matrix, with no risk of strong
acid radical being incorporated into the films (3). Besides,
the nanocomposite film could maintain the excellent me-
chanical properties of original PI film for its inside is intact
during the whole procedure. The most important is that
microstructures such as the thickness of the composite layer
and particle size could be controlled by initial alkali treat-
ment conditions (time, concentration, and temperature),
deposition conditions in urea solution (time, concentration,
and temperature) and final annealing temperature (3, 13),
respectively. In this paper, the effect of alkali treatment time
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on the morphologies and properties of the PI/NiO composite
films was investigated and the formation mechanism of
surface continuous NiO nanocomposite layer was proposed.
We expect that the ion exchange technique could be ex-
tended to the fabrication of many metal oxides layers onto
flexible PI surfaces for different potential applications.

EXPERIMENTAL SECTION

Materials. Pyromellitic dianhydrides oxidianiline (PMDA-
ODA) PI films with thickness of 50 um from Liyang Huajing
Electronic Material Co., Ltd., Jiangsu province (China) were
cleaned in distilled water at room temperature for 10 min under
ultrasonication prior to use. Nickel sulfate hexahydrate
(NiSO4 - 6H,0) (>98.5%) with analytical quality was obtained
from Sinopharm Chemical Reagent Co., Ltd. and used without
further purification. Sodium hydroxide (NaOH) and urea
(CO(NH,),) with analytical quality were purchased from Beijing
Chemicals Factory and Beijing Chemicals Reagent Company,
respectively, and used as received.

Preparation of PI/NiO Composite Films. PI films were
hydrolyzed in 2.5 M aqueous NaOH solution for 5, 8, and 12 h,
respectively, at room temperature, and followed by washing
with copious amount of deionized water. The nickel ions were
incorporated by immersing the surface modified PI films into
0.4 M aqueous NiSOy solution for 1 h at room temperature,
followed by rinsing with deionized water. The PI films were then
transferred to a flask with 1 M aqueous urea solution and
refluxed at 100 °C for 3 h. After being rinsed with deionized
water and dried in ambient air, the films were thermally cured
under tension in a forced oven. The cure cycles are heating over
3 h to 350 °C and then holding 3 h.

Characterization. X-ray photoelectron spectroscopy (XPS)
investigations were carried out on an ESCALAB 250 spectrom-
eter (Thermo Electron Corporation) using a monochromatic Al
Ko X-ray source in the fixed analyzer transmission mode. The
spectra were collected at a takeoff angle of 45°. The base
pressure of the vacuum chamber was maintained at no more
than 2 x 107'° mbar during each measurement. Spectra
presented in this study were calibrated by referencing the C 1s
photopeak arising from aromatic PI backbone at binding energy
(BE) of 284.6 eV and Shirley (nonlinear) background were
subtracted. Full-width-at-half-maximum was kept the same for
chemical components within the same core level of an element.
In addition, all component peaks were set to be Gaussian-type.

X-ray diffractions (XRD) of the hybrid films were performed
using an X-ray diffractometer (D/Max2500 VB2+/PC, Rigaku,
Japan). The X-ray beam was generated by a Cu Ko target (A =
0.154056 nm), using a tube voltage of 40 kV and a current of
200 mA. Scanning was conducted over the range of 26 =
5—90° with a scanning rate of 0.17°/s.

The surface morphologies of the composite films were char-
acterized with a scanning electron microscopy (SEM) (SEM-
4700, Hitachi, Japan) at an accelerating voltage of 20 kV after
samples were coated with ca. 5 nm of palladium—gold alloy.
Transmission electron microscopy (TEM) was performed by
employing an H-800 type Hitachi transmission electron micro-
scope with an accelerate voltage of 200 kV. The samples for
TEM were sectioned with an ultramicrotome with a diamond
knife and then moved onto TEM copper grids for analysis.

Thermogravimetric analyses (TGA) and differential scanning
calorimetry (DSC) were performed using a NETZSCH STAR
449C at a heating rate of 10 °C/min under an air atmosphere.

RESULTS AND DISCUSSION
PI/NiO Nanocomposites Preparation. The possible
and ideal chemistry for the formation of PI/NiO composite films
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FIGURE 1. Cross-sectional TEM images for the PI films after 2.5 M NaOH treatment at room temperature for (a) 5, (b) 8, and (c) 12 h, respectively.
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FIGURE 2. XPS measurement for the Ni 2p and O 1s core levels for
the Ni**-loaded PI composite film: (a, b) after 1 M urea treatment at
100 °C for 3 h; (c, d) after 1 M urea treatment at 100 °C for 3 h and
then thermal treatment at 350 °C for 3 h. The initial treatment time
in 2.5 M NaOH solution is 12 h.

have been shown in Scheme 1. According to our previous
report, sodium-polycarboxylate salt (sodium polyamate)
would be formed in situ when PI films were immersed into
the aqueous NaOH solution because of the hydrolytic cleav-
age of the imide groups contained in the repeating unit. The
alkali treatment-promoted reaction allows precise control of
the modified thickness of the PI film and the amount of the
absorbed metal ions (3, 14). To fabricate continuous NiO
layers, it is important to ensure enough nickel ions loading,
which mainly depends on the modified thickness of PI films.
As can be observed from the light color region in the SEM
photos (Figure 1), after being treated in 2.5 M aqueous NaOH
solution for 5, 8, and 12 h, the depth of the modified layer
of Pl filmsis 1, 1.8, and 2 um, respectively, which suggests
that the thickness of modified layers of PI substrate increases
with increasing the alkali treatment time. However, further
prolonging the alkali treatment time is not recommended
because of the alkali etching effect (21). According to our
observation, 12 h alkali treatment time, which corresponds
to a modified thickness of about 2 um, has been able to meet
the demand for fabricating continuous NiO layer on PI
substrate for the current commercial PI films.

www.acsami.org

During hydrothermal treatment of the nickel polyamate
in aqueous urea solution, the absorbed nickel ions are
converted to NiO precursors. Acting as a homogeneous
precipitant, urea gradually decomposes to CO, and NHjs at
temperatures above 75—100 °C. Protolysis reaction of the
ammonia slowly releases hydroxyl. The hydroxyl combines
with the absorbed Ni** in the surface-modified layer of Pl
film to form Ni(OH), precipitant. In final thermal treatment
process in ambient air, the polyamate recycloimidizes to PI
and the Ni(OH), precipitates decompose to NiO nanopar-
ticles. The conversion of PAA to PI during thermal treatment
was confirmed by IR absorption spectroscopy in our previ-
ous report (4). The possible chemical reactions in urea
solution and in thermal treatment process are listed below.
The formation of Ni(OH), after urea treatment and NiO after
thermal treatment will be demonstrated by XPS observation
(or measurement).

NH,CONH, + 3H,0 — CO, + 2NH, * H,0
(1)
NH, * H,0 — NH; + OH~ )
—COO Ni*""00C— + 2NH] + 20H™ —
2NH,; “00C— + Ni(OH), (3)
Ni(OH), — NiO + H,O (4)

XPS and XRD Characterization. Figure 2 displays
the XPS spectra of nickel ion-doped PI film after urea
treatment at 100 °C for 3 h (panels a and b in Figure 2) and
followed thermal treatment in ambient air at 350 °C for 3 h
(panels c and d in Figure 2), respectively. Figure 2a shows
the main Ni 2p5;, peak at 855.6 eV associated with a broad
satellite at 862.1 eV, suggesting the formation of Ni(OH),
(22—24) on PI film surface after urea treatment. The forma-
tion of Ni(OH), can also be confirmed by O 1s spectrum in
Figure 2b. The curve fit of the O 1s spectrum is represented
by three bands. The bands at 533.60 and 532.10 eV are
attributed to the ether and amide functionalities of the PAA
(11, 25), respectively. The peak at 530.9 eV corresponds to
the hydroxyl in Ni(OH), (22, 23). After thermal treatment of
the Ni(OH),-deposited PI film at 350 °C for 3 h, the main Ni
2ps, X-ray photoelectron (XP) peak of the composite film
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FIGURE 3. XRD patterns of (a) pristine PI film, the Ni**-loaded PI
nanocomposite films after (b) urea treatment and (c) followed
thermal treatment at 350 °C/3 h. The initial treatment time in 2.5
M NaOH solution is 12 h.

exhibits a double peak structure at about 854.83 eV with the
Ni(IT) shakeup peak at 861.38 eV as shown in Figure 2c,
which is consistent with BE measurement for NiO in litera-
ture (24, 26, 27). In Figure 2d, the O 1s XP peak shows three
components at 529.79, 531.56, and 533.16 eV; the two
contributions at high BE are corresponded to the imide and
ether functionalities in PI, respectively (11, 25), whereas the
component at 529.79 eV reveals the presence of Ni—O
bands due to NiO particles. Thus from BE measurements for
O 1s and Ni 2p core levels, it is clear that NiO particles
formed on the surface of PI film. The XPS results suggest
that the above proposed reactions (reaction 1—4) in urea
treatment and final thermal treatment process are reasonable.

The formation of NiO particles on the PI surface layers
can also be conformed through XRD analysis. Figure 3
shows the XRD patterns of pristine PI film, the Ni(OH),-
deposited and then followed annealed PI composite films
which were initially treated by 2.5 M NaOH solution for 12 h.
In Figure 3a, the two broad peaks at 14.9 and 26° originated
from the pristine aromatic PI with relatively low crystallinity.
No other new diffraction peaks appear in Figure 3b. After
3 h thermal treatment at 350 °C, three diffraction peaks
emerge at 37.16, 43.02, and 62.58°, as shown in Figure 3c.
These three diffraction peaks can be perfectly indexed as
(111), (200), and (220) crystal planes of the cubic structure
crystalline NiO, which is consistent with that of the reported
value (JCPDS Card no. 47—1049), and no obvious reflection
peaks assignable to other impurities can be detected. The
XRD result shows that NiO particles formed on the surface
layers of PI film after thermal treatment. The result coincides
well with the XPS results in Figure 2. In terms of the
Debye—Scherrer equation, the average crystal size of NiO
nanoparticles is 12.62 nm.

SEM and TEM Characterization. Figure 4a and 4b
display the SEM images of the PI films after treatmentin 2.5
M NaOH solution for 12 h and followed hydrothermal
treatment in urea solution at 100 °C for 3 h without nickel
ion-doping. The alkali-treated PI film presents a rough
surface which is in favor of ion-exchange, as shown in Figure
4a. After direct hydrothermal treatment of the alkali-treated
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PI film in urea solution, the PI film surfaces become much
rougher because of the continuing hydrolysis effect. Initially,
the aqueous urea solution is a neutral environment, and then
slowly turns to weak alkaline with increasing hydroxyl,
owing to hydrolysis of urea at about 100 °C. The surface
modified layers of PI films would be further hydrolyzed in
the weak alkaline solution at about 100 °C, causing much
rougher surfaces. As mentioned above, due to the alkali
etching effect during the whole alkali treatment process, the
hydrothermal treatment time in urea solution should also
be controlled. Figure 4c—f show the SEM images of the
nickel ion-doped PI films after treatment in aqueous urea
solution for 2—5 h. With increasing treatment time in urea
solution, the film surfaces become much rougher. Many big
holes appear on the PI film surface when the treatment time
in aqueous urea solution is longer than 3 h. Besides, the
surfaces of the Ni(OH),-deposited PI films obtained at dif-
ferent urea treatment time are rougher than that of the PI
film after alkali treatment, indicating that the surface etching
effect of the PI film in urea solution are much serious than
that in aqueous NaOH solution. To ensure enough nickel ions
in the modified layer covert to Ni(OH),, in the meantime, to
avoid serious etching effect, 3 h hydrothermal treatment in
urea solution is appropriate for fabricating the Ni(OH),-
deposited PI films. Although the film micromophology
changed dramatically upon urea treatment time, there was
no appreciable difference in appearance between the Ni(OH),-
deposited PI films and the nickel ion-doped PI film. The
Ni(OH),-deposited PI films were transparent and kept the
same light yellow color with that of the pristine PI film.
Figure 5a—c shows the SEM images for the Ni(OH),-
deposited PI films with different initial treatment time in
aqueous NaOH solution. It can be observed that increasing
surface modification time in alkali solution results in much
rougher surfaces of PI films after urea treatment. The Ni(OH),-
deposited PI films initially treated in alkali solution for 8 and
12 h have similar surface morphology, which may be due
to the significant etching of the films with similar thickness
of alkali-treated layer during urea treatment. Table 1 lists the
surface atomic concentration of the nickel ion-doped PI film
after urea treatment and then thermal treatment derived
from XPS measurement. The surface Ni atom concentration
of the nickel ion-doped PI film after urea treatment is only
about 1.27 %, suggesting very few Ni(OH), particles on the
outmost surface of PI film. Therefore, it is hard to distinguish
Ni(OH), nanoparticles from the rough surfaces of PI films in
Figure 4 as most of the Ni(OH), nanoparticles with very small
size are homogenously dispersed in the bulk of the alkali
treated layers. After thermal treatment at 350 °C for 3 h of
the Ni(OH),-deposited PI film, the surface Ni atom concen-
tration of the final nanocomposite shifts up to 20.75%,
indicating the aggregation of NiO clusters on the PI film
surface. Figure 6 are the SEM images of the PI/NiO compos-
ite films obtained at 350 °C/3 h. NiO particles with about
an average 10 nm size are homogenously dispersed on the
surface of PI film that initially treated in alkali solution for
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5 h. For the films initially treated in alkali solution for 8 and
12 h, NiO particles with average size of about 10—15 nm
are closely packed on the surface of the PI films. Though NiO
nanoparticles contact with each other and form continuous
layer, XPS surface composition data (Table 1) shows that
carbon, nitrogen, and oxygen are abundant. This indicates
that the NiO nanoparticles are embedded in Pl matrix
surface layer or the NiO nanoparticles and Pl matrix are
intermixed.

Figure 7 shows the cross-sectional TEM images of the
Ni(OH), deposited PI film and PI/NiO nanocomposite film
that were initially treated by 2.5 M NaOH solution for 12 h.

www.acsami.org
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FIGURE 4. SEM images for the PI films (a) after NaOH treatment for 12 h, (b) followed treated by 1 M urea solution at 100 °C for 3 h without
nickel ion loading, and the Ni**-absorbed PI films after 1 M urea treatment at 100 °C for (c) 2,(d) 3, (e) 4, and (f) 5 h, respectively.

Compared with the light color region of the modified sur-
faces (Figure 1c¢), the darker region surface in Figure 7a
suggests that Ni(OH), nanoparticles homogenously disperse
in the modified polymeric matrix. That is, Ni(OH), clusters
form in the bulk of the modified layers. Figure 7b shows that
NiO particles are uniformly dispersed on PI surface and the
NiO-embedded layer is much thinner than the NaOH-modi-
fied layer and Ni(OH),-deposited layer. The thickness de-
crease of the NiO composite layers during thermal treatment
is probably caused by decomposition of PI matrix catalyzed
by the newly born NiO nanoparticles. We will discuss it in
detail below.
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FIGURE 5. SEM images for the Ni**-absorbed PI films after 1 M urea treatment at 100 °C for 3 h, initial NaOH treatment time: (a) 5, (b) 8, and

(c) 12 h, respectively.

Table 1. Surface Atomic Concentration for the
Ni?*-Absorbed PI Composite Films after 1 M Urea
Treatment at 100 °C for 3 h and Then Thermal
Treatment at 350 °C for 3 h (NaOH Treatment Time
=12 h)

atomic concentrations (%)

sample Ni(2p) C(1s) O(1s) N(1s)
after urea treatment 1.33 71.40 22.21 5.06
after thermal treatment 20.75 35.94 41.74 1.58

at 350 °C/3 h

TG-DSC Analysis. To further understand the aggrega-
tion of NiO particles and the formation of surface-continuous
NiO nanocomposite layer more clearly, we conducted TG
and DSC characterizations of the Ni(OH),-deposited PI film.
Figure 8 illustrates the TG-DSC profiles of the Ni(OH)»-
deposited PI composite film from the room temperature to
700 °C in air. The PI composite film underwent multistep
weigh loss. The initial weight loss of about 8% at 90—120
°C represents the removal of the physically adsorbed water
molecules. The followed main weight loss of about 20 %
occurs between 250 and 420 °C, and a broad and strong
exothermic peak appears at the same temperature range in
the DSC curve. We suggest that the weight loss in this
temperature range is caused by the dehydration of Ni(OH),
to form NiO and the oxidative degradation of PI film
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catalyzed by the newly born NiO nanoparticles. Ni(OH),
undergoes decomposition reaction to form NiO at about
298—342 °C (28). Because of the nanosize effect, the newly
born NiO particles have strong catalytic effect and they will
catalyze the oxidative degradation of the surrounding PI
below the oxidative decomposition temperature of pristine
PI, during which NiO nanoparticles come to aggregate with
each other to form continuous NiO layers. The sharp in-
crease of surface nickel atom concentration after thermal
treatment in Table 1 indicates the aggregation of NiO clusters
on PI film surfaces. Therefore, the strong exothermic peak
between 280 and 420 °C is probably corresponded to the
oxidative degradation of PI catalyzed by the newly generated
small NiO nanoparticles. The metal oxide-catalyzed oxida-
tive decomposition of Pl has been observed in other PI
nanocomposites containing transional metal oxides such as
cobalt oxide (8), iron oxide (11, 12), and titania (29). Once
the smaller NiO nanoparticles aggregate together, their
catalysis effect decreases rapidly as no obvious weight loss
is observed above 430 °C. Until 500 °C, another main
weight loss of about 63 % appears in the TG curves with a
narrow and strong exothermic peak at 588 °C in DSC curve,
corresponding to the thermal oxidative degradation of PI
matrix. Figure 9 depicts the TG and DSC curves of the
pristine PI film and PI/NiO composite films. For the pristine
PI film, there is only one obvious weight loss in TG curve
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FIGURE 6. SEM images of the PI/NiO nanocomposite films obtained at 350 °C/3 h, initial NaOH treatment time: (a) 5, (b) 8, and (c) 12 h.

a

lpm
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200nm

FIGURE 7. TEM images of (a) the Ni**-doped PI films after 1 M urea treatment at 100 °C for 3 h and (b) the PI/NiO nanocomposite films
obtained at 350 °C/3 h. The initial treatment time in 2.5 M NaOH solution is 12 h.

with a strong exothermic peak at 588 °C in DSC curve,
corresponding to the oxidative decomposition of PI. For the
PI/NiO composite films, there is also only one main weight
loss in the same temperature range. This reveals that the
formed surface continuous NiO layer has little effect on the
thermal stability of the PI films. By comparing the TG-DSC
curves of the pristine PI film, the Ni(OH), deposited PI film
and PI/NiO nanocomposite films, it seems that the decom-
position of surrounding PI matrix catalyzed by the newly
generated small NiO particles during thermal treatment
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contributes much to the aggregation of surface NiO nano-
particles and the formation of a continuous NiO nanocom-
posite layer.

CONCLUSION
PI composite films with NiO nanocomposite layers em-

bedded on their both surfaces were successfully prepared
by thermal calcination of the precursor films that were
obtained by chemical deposition of the nickel ion-absorbed
PI films in aqueous urea solution. Continuous NiO nanocom-
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FIGURE 8. TG-DSC curves of the Ni>"-absorbed PI film after 1 M urea
treatment at 100 °C for 3 h. The initial treatment time in 2.5 M NaOH
solution is 12 h.
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posite layers with NiO average diameter of 10—15 nm
formed on both surfaces of the PI films by varying initial
treatment time in alkali solution. XPS characterization indi-
cated the precursor of the NiO after deposition in urea
solution was Ni(OH),. SEM, TEM, and TG-DSC results showed
that the formation of surface continuous NiO nanocomposite
layers was accompanied by the oxidative decomposition of
surrounding PI matrix catalyzed by the newly born NiO
nanoparticles, during which the NiO particles come into
contact with each other. The final PI/NiO composite films
maintained the excellent thermal property of the pristine PI
film. Such ion exchange technique provides a promising
route for preparing morphology-controlled Pl/metal oxide
nanocomposites.
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