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bstract

Grafting polyacrylic acid onto the surface of nickel oxide nanoparticles was performed in order to impart to this metal oxide protection against

eaching in acid solution (sulfuric acid 0.5 M). Infrared spectroscopy showed the chemical changes implicated in the different stages of the surface
reatment. Open circuit potential as a function of time showed to be an excellent technique for characterizing the leaching resistance of the modified
anoparticles. This resistance was attributed to the formation of a layer of polyacrylic acid grafted and physically deposited onto the surface of the
anoparticles, which prevented the direct contact of the acid solution with the nanoparticles avoiding, consequently, leaching.
 2007 Elsevier B.V. All rights reserved.
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. Introduction

One of the most commonly used metal oxides for a wide
ange of applications is nickel oxide (NiO). It has received
onsiderable attention in recent years due to its catalytic, opti-
al, electronic and magnetic properties [1–3]. Because of the
olume, quantum size, surface and macroscopic quantum tun-
el effects, nanocrystalline NiO is expected to possess better
roperties than those of micrometer-sized NiO particles [4–7].
arnes and Klabunde [1] reported that NiO nanoparticles are
uch more effective catalysts than commercial NiO powder for

atalytic reduction reactions. NiO behaves as a p-type semicon-
uctor especially if thermally treated at moderate temperatures
anged between 300 and 700 ◦C [8,9]. Non-stoichiometric NiO
olid contains some trivalent nickel ions, which are considered as
attice defects contributing to its extrinsic electric conductivity.
The development of micro-devices, such as batteries and its
omponents, is one of the most promising applications of NiO
anoparticles [10]. In these and many other applications the
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hemical stability against acid environments is crucial for the
esired performance and long life of such devices, since these
anoparticles are highly susceptible to be leached out into the
lectrolyte due to the aggressiveness of the medium [11].

A strategy to mitigate the chemical attack of an acid envi-
onment on NiO is proposed in this research. This consisted
n modifying the NiO chemical properties through integrating
nto an inorganic nanoparticle–polymer nanocomposite. NiO
anoparticle resistance to leaching was improved by a two-step
urface chemical modification: First, a methacryl organosilane
ompound was linked onto the nanoparticle surface, and second,
y conventional free radical polymerization chains of poly-
crylic acid (PAA) were grafted on the methacryl groups.

The assessment of open circuit potential (OCP) versus time
t) was performed as the main characterization technique with
he aim of evaluating the dynamic response of the leaching pro-
ess taking place within an aggressive environment and the
hemical stability behavior of the polymeric nanocomposite,
iO nanoparticle–PAA, as a function of time. These tests also
rovided essential information about the leaching rate of the
anocomposite, which will help as a criterion of screening for

he polymeric material to be further improved. The tests of OCP
ersus t were run in a sulfuric acid solution (0.5 M) at laboratory-
oom temperature. Polymeric nanocomposite materials were
ested using the carbon paste electrode technique (CPE).

mailto:armando.zaragoza@cimav.edu.mx
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CPE was first introduced for organic polarography by Adams
n 1958 [12]. Since then CPE has mainly been used for analyti-
al purposes in organic and inorganic systems [13–15]. The CPE
rrange consisted of two components: a nanometer-size carbon
nd a binder. The binder can either have electrical conducting or
on-conducting properties. A CPE with a non-conducting binder
an be regarded as an inert electrode in the same sense as a Pt
lectrode. A CPE with an electro-active polymeric composite
aterial introduced into the carbon paste is termed as a carbon

aste electro-active electrode (CPEE). Due to its hydrophobic
ature, the electrolyte is not expected to penetrate into the elec-
rode, thus the electrochemical reactions take place only at the
nterface. Thus by mixing the material in study with carbon paste
r attaching a thin film of this material onto the CPE, it is possi-
le to study the electrochemical reactions that take place within
he electrode [15].

. Experimental

.1. Materials

The following reagents were used during the experimentation: 10 nm nickel
xide nanoparticles (Nanostructured & Amorphous Materials, Inc.), methacry-
oxypropyl trimethoxysilane (Z-6030 of Dow Corning), acrylic acid (Aldrich
o.), potassium persulfate (Aldrich Co.), acetic acid (J.T. Baker), sulfuric acid

J.T. Baker), silicone oil (Aldrich Co.), carbon Vulkan XC72 (Cabot) and bi-
istilled water. All reagents were used as received.

. Nanocomposite preparation

.1. Methacryloxypropyl trimethoxysilane linking

NiO nanoparticles were modified as follows: 0.2 mL
f methacryloxypropyl trimethoxysilane [Si(OCH3)3CH2
H2CH2OOC C(CH3) CH2] were added to 20 mL of an
queous solution of acetic acid (pH 2); once the organosilane
as completely dissolved 0.2 g of NiO nanoparticles were

ncorporated into the solution and let to react for 1 h; finally the
ixture was introduced to an oven at 110 ◦C for 6 h in order to

vaporate the water and to accelerate the reaction.

.2. Grafting of polyacrylic acid

The NiO nanoparticle–polyacrylic acid nanocomposite was
btained as follows: The treated nanoparticles (0.2 g) of the pre-
ious step were dispersed in 90 g of an acrylic acid (AA) solution
10 g of AA/80 g of water); afterwards the system was bubbled
ith nitrogen for 20 min in order to displace the oxygen dis-

olved in the water and to avoid a long induction period; next
he system was heated to 60 ◦C, and a solution of potassium per-
ulfate (0.1 g of KPS/10 mL of water) was fed to the reactor to
nitiate the polymerization. The polymerization was left for 2 h
ith mechanical agitation (300 rpm).

. Characterization
.1. Infrared spectroscopy

Both unmodified and modified NiO nanoparticles, and
iO nanoparticle–PAA nanocomposite were characterized by

c
t
t
t
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nfrared spectroscopy (FTIR) using a Nicolet Magna-IR Series
I spectrometer. Before characterization all samples were dried
t 120 ◦C for 12 h. The analyses were run using the KBr pel-
et technique; KBr was also used as the reference material to
cquire background.

.2. Differential scanning calorimetry

Glass transition temperature (Tg) of both NiO
anoparticle–PAA nanocomposite and a control of PAA
obtained under the same conditions as the nanocomposite)
ere determined by differential scanning calorimetry (DSC).
hermograms were run in a TA Instruments Thermal Analyst
100 calorimeter. All samples were first heated from room
emperature to 220 ◦C, then cooled to 40 ◦C to erase thermal
istory, and heated again to 220 ◦C. Tg values were taken from
he second heating process. The samples were run under air
tmosphere and heating speed of 10 ◦C min−1.

.3. Preparation of the carbon past electrodes

The carbon paste electrodes (CPE) were prepared as follows:
.3 g of carbon Vulkan XC72 and 0.3 mL of silicone oil were
ixed thoroughly in a mortar to form a homogeneous paste.
fterwards a mixture of 0.1 g of the material in study and 0.1 g
f the previously prepared carbon paste were introduced and
arefully compacted into a polyethylene tube of 0.2 cm of inner
iameter; an additional amount of carbon paste was added to let
ne of the ends of the tube available for testing purposes. Lat-
er a thin wire of Pt was inserted in the middle of the tube and
rew downwards to the bottom of the tube, to provide with the
eeded electrical conductivity for OCP measurements. The pre-
ared electrodes were kept in a desiccator until application. This
echnique of preparation has been reported previously [13,15].

.4. Test of open circuit potential versus time

The tests of open circuit potential versus time (OCP ver-
us t) were performed at laboratory-room temperature using a
olartron Electrochemical Interphase SI1287 coupled with a PC.
ests lasted for about 20 h. The glass-made electrochemical cell
ontained a temperature probe, the previously prepared carbon
aste electro-active electrode (CPEE) as a working electrode and
nally an Hg/Hg2SO4/H2SO4 (SAE, E = 0.668 V/NHE) elec-

rode as reference electrode. The electrolyte used in the cell was
solution of sulfuric acid 0.5 M prepared with bi-distilled water.
gitation was provided by using a magnetic stirred plate. The
btained potentials are reported against the normal hydrogen
lectrode (NHE).

. Results and discussion

The surface chemical modification of NiO nanoparticles

ould be visualized as described in Fig. 1. A requested condi-
ion to achieve a successful modification with organosilanes is
he presence of hydroxyl groups on the compound which is under
reatment. NiO has a hydrated crystalline structure which made
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Fig. 1. Scheme of the surface modification of the NiO nanoparticles. Z represents
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he methacryloxypropyl trimethoxysilane groups bonded to the NiO in the first
tage. PAA represents chains of polyacrylic acid grafted on the surface of the
iO nanoparticles in the second stage.

t susceptible to be modified via silanation. Once the methacry-
oxypropyl trimethoxysilane has been entangled, the grafting
f PAA chains was performed form the double bonds C C of
he methacryl segment [ O(O)C C(CH3) CH2]. It is worth

entioning that in order to corroborate methacryloxypropyl
rimethoxysilane susceptibility to free radical polymerization a
uspension polymerization was performed; the experiment, ini-
iated by potassium persulfate, indicated a 95% conversion after
h of polymerization. Thus grafting PAA onto the organosilane

s expected to occur. In addition it can be mentioned that liter-
ture shows several reports where acrylic organosilanes have
een used as coupling agents between inorganic nanoparti-
les and organic polymers such as poly(methyl methacrylate),
olystyrene and some others [16–19].

.1. FTIR

The spectrum of FTIR of the NiO nanoparticles is exhibited in
ig. 2. The spectrum showed the following signals: The peaks at
497 and 1629 cm−1, have been reported to correspond to vibra-
ions of the bond H O of physisorbed and chemisorbed water
inked to NiO [20]; the peak at 1346 cm−1 likely corresponds to
ome remnant of the precursor materials used to synthesize the
iO, as explained in literature [21,22]. The vibration of the group
i O, as literature indicates, should appear close to 400 cm−1

20,23]. However, this peak is in the limit of the spectrum and,
nfortunately, cannot be observed.
The FTIR spectrum of the product of the first step of
odification is shown in Fig. 3, in this reaction molecules

f methacryloxypropyl trimethoxysilane were bonded to the
urface of NiO nanoparticles. In the spectrum appeared the fol-

F
t

Fig. 2. FTIR spectrum of the NiO nanoparticles without treatment.

owing signals: At 3497 cm−1 the peak corresponding to the
O groups in the NiO and the silane (due to acid hydrolysis);

t 2927 and 2960 cm−1 the peaks for the vibrations of the C H
ond of the propyl group; at 1717 cm−1 the peak corresponding
o the C O group of the methacryl radical, the presence of this
eak is important, since it indicated that the methacryloxypropyl
rimethoxysilane reacted with the NiO; the peak at 1635 cm−1

an be attributed to absorbed water as explained above for the
iO (at 1629 cm−1). Fig. 4 depicts the spectrum of FTIR for

he NiO nanoparticle–PAA nanocomposite, since the amount of
AA was much higher than the amount of NiO in the samples, in
his figure the signals corresponded mainly to PAA. The signals
n this figure were assigned as follows: at 1695 cm−1 the peak for
he C O group of the carboxylic acid; at 2937 and 1451 cm−1

he peaks for the C H bonds of the CH2 groups; at 1412 cm−1

he peak for the C OH group and at 795 cm−1 the peak for the
H bonds of the polymeric chain.
ig. 3. FTIR spectrum of the product of reaction of the NiO nanoparticles and
he methacryloxypropyl trimethoxysilane.
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resents the leaching kinetic rate of the metal oxide (dE/dt �= 0),
where metal oxide concentration within the electrode decreased
ig. 4. FTIR spectrum of the NiO nanoparticle–methacryloxypropyl
rimethoxysilane–PAA nanocomposite.

.2. DSC

An increment of 4 ◦C on the glass transition temperature (Tg)
f the NiO nanoparticle–PAA nanocomposite with respect to the
ontrol of PAA was observed, Fig. 5. This sort of effect in the Tg
as been reported to obey to motion restrictions of the polymer
hains at the interface nanoparticle/matrix [24,25]. When the
olymer chains have strong interfacial affinity with the filler
urface, a region of polymer chains toughly tighten is formed.
uch region, referred as bounded polymer layer [26] and more
ecently proposed as interaction zone [19], has been speculated
o be some few to some tens of nanometers. At this zone or
egion the polymer chains exhibit a different thermal behavior
ith respect to the bulk, since the strong packing hindered chain
obility, which occurs under standard conditions at the Tg. Thus
ore energy was required to allow the first thermal transitions,
hifting Tg to higher temperatures.

ig. 5. DSC thermograms. The solid line corresponds to the sample of PAA con-
rol, the broken line corresponds to the NiO nanoparticle–methacryloxypropyl
rimethoxysilane–PAA nanocomposite.
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.3. Test of OCP versus t

The theoretical response that can be expected in a test of
CP versus t of an electrode composed by a mixture of nickel
xide and carbon Vulcan (support), when it is exposed to a
olution of sulfuric acid 0.5 M, can be related to the concentra-
ion of metal oxide present in the electrode. When the potential
f the electrode increase to a stable value, the final potential
eached represents the concentration of the metal oxide being in
quilibrium with the electrolyte solution without any important
hemical reaction taking place. On the other hand, a decrease in
CP response can be related to a reduction in concentration of

he metal oxide present in the electrode and therefore, the metal
xide is being sulfated and, ultimately, leached. This behavior
s consistent with a loss of metal oxide in the electrode caus-
ng a drop in the observed potential during the test. In the case
hat OCP remained unchanged this indicates that no material has
een lost during the exposure of the electrode to the acid solu-
ion; consequently the concentration of the metal oxide remained
onstant within the electrode. This behavior indicates that the
aterial was chemically stable in the system.
The possible responses of the test of OCP versus t of a metal

xide being exposed to a solution of sulfuric acid 0.5 M are
hown in Fig. 6. In this figure the solid line represents the
ehavior of a metal oxide which is completely stable to the acid
edium, since there is no change in potential at steady state con-

itions. The leaching rate of the metal oxide within the electrode
an be assumed to present a value of zero (dE/dt = 0). Hence the
oncentration of the metal oxide within the electrode can be
ssumed to remain without change and no leaching took place
n the metal oxide. Otherwise when leaching takes place on the
etal oxide, the behavior can be represented by the dashed line

s shown in Fig. 6. Here the slope of the OCP versus t curve rep-
rogressively while the OCP also decreased.

ig. 6. Theoretical OPC vs. t responses of nickel oxide exposed to the solution
f sulfuric acid 0.5 M.
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ig. 7. OCP vs. t plots in sulfuric acid 0.5 M for: (a) electrode of carbon Vulcan
C72, (b) electrode of nickel oxide without surface treatment, and (c) electrode
f NiO–PAA nanocomposite.

The first test was aimed to determine the effect of the acid
edium on a control electrode of carbon Vulcan alone. Fig. 7(a)

hows the response of the electrode of carbon Vulcan after 20 h of
xposure to the sulfuric acid 0.5 M. As can be seen, carbon Vul-
an presented an open circuit potential near to 0.78 V; according
o this response it can be presumed that the initial increase of
pen circuit potential was due to the ionic transport of SO4

2−
ons to the interior of the carbon electrode. Therefore, the final
otential after 20 h indicated that the electrode has been satu-
ated with electrolyte solution and no important ionic transport
ccurred.

Fig. 7(b) presents the OCP dynamic response of the unpro-
ected NiO nanoparticles in acid medium. As observed, the
esponse of the OCP versus t curve of the NiO resulted in an
nitial increment of the OCP to a value of about 0.97 V after
min of started the test; this potential decreased monotonically
ith time and after 20 h a stable OCP lecture of 0.806 V was

egistered, this value was comparable to the value for carbon
ulcan (0.78 V). This behavior suggested that the only presence
f the acid in contact with the NiO conduced to the progressive
ormation of nickel sulfate (Eq. (1)) and its corresponding disso-
ution into the electrolyte. Therefore, the fast kinetics of leaching

ade clear the extreme vulnerability of NiO in the presence of
n acid medium.

iO + H2SO4 → NiSO4 + H2O (1)

Fig. 7(c) shows the curve of OCP versus t for the protected
iO nanoparticles. In this plot it can be observed that the poten-
ial remained unchanged once it reached a steady value of about
.87 V. This behavior evidenced the resistance of the nanocom-
osite towards leaching after 20 h of exposure to the aggressive
cid medium. It is believed that the formation of a continuous

[

[

[

try and Physics 109 (2008) 306–310

ayer of PAA both grafted and physically deposited on the sur-
ace of the NiO nanoparticles was the cause for the resistance.
pparently the layer played the role of either chemical or per-
eable barrier against the acid solution preventing the direct

ontact with the nanoparticle. Consequently, the nanoparticles
ere isolated from the aggressive medium and the leaching was

estricted.

. Conclusion

It was possible to impart leaching resistance to nickel oxide
anoparticles by a superficial grafting of polyacrylic acid. Such
esistance was attributed to the formation of a layer of poly-
crylic acid, chemically and physically bonded, which restricted
he direct contact of the acid solution and the nanoparticles. As
consequence the reaction of the nickel oxide and the sulfate

nions to form nickel sulfate, was avoided; that is, leaching was
nhibited. Complementarily it is worth mentioning that open cir-
uit potential versus time technique was an excellent method to
ollow in real time the behavior of the different kinds of samples
f nickel oxide exposed to the acid medium.
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