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a b s t r a c t

Ni–P–TiO2 nanocomposite coatings with various contents of TiO2 nano-particulates were prepared by
electroless technique from Ni–P plating bath containing TiO2 powder. X-ray diffractometer (XRD) and
energy dispersive X-ray (EDX) technique have been applied in order to investigate the chemical compo-
sition and phase structure of the coatings, respectively. The incorporation of TiO2 nano-particulates was
found to be improved by the addition of TiO2 powder to the plating bath. However, it has no significant
effect on the wt% of P content in the deposit. Scanning electron microscope (SEM) images showed that the
morphology of Ni–P–TiO2 nanocomposite coating is finer and smoother than that of Ni–P coating. The
catalytic activity of the prepared electrodes toward electro-oxidation of small organic molecules was
studied and their stability with time was investigated. The catalytic activity was found to vary with
the amount of the TiO2 embedded into the Ni deposit.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

Autocatalytic electroless plating technology has been invented
in 1946 [1]. From 1960’s onwards, major progress in the field of
electroless nickel polyalloy deposits and electroless composite
coatings being tailored more closely to customer and environmen-
tal requirements [2]. Recently, electroless plating method has at-
tracted a lot of interest not only in nano-fabrications, optics, and
decoration but also in modifying the surface of various materials,
such as non-conductors, semiconductors and metals [3–7].

Electroless nanometer composite coatings where nano-particu-
lates used as reinforcing phase are important due to their excellent
performance. The incorporation of nano-sized particles within Ni–
P autocatalytic coatings greatly improved their properties and
added entirely new features to the coatings performance, which
enhanced their applicability in different industries such as elec-
tronic components and computers, general mechanics, automobile,
paper mills, textile and food [8].

Particle-reinforced composite coatings could be fabricated pre-
viously by our group through the co-depositing of different partic-
ulate materials such as SiC, TiC/Al2O3, WC, Al2O3, AlN and polymers
such as polytetrafluoroethylene and polyethylene [9–14]. Among
these particulate, TiO2 has attracted tremendous interest in re-
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search community due to its wide application in engineering mate-
rials [15]. However, little attention has been paid to the
incorporation of TiO2 nano-particulates in Ni matrix; so far no
work has been reported on the application of Ni–P–TiO2 nanocom-
posite coatings for fuel cell applications.

Recently, nickel based electrodes have gained considerable
interest in the electrochemical oxidation of small organic mole-
cules [16,17]. Their electrocatalytic activities depend mainly on
the catalytic role of Ni(OH)2/NiOOH redox couple. Furthermore,
TiO2 and Ti coated with oxides of several other metals; Pt, Au,
Fe, Co, Ni, Mo, Mn, Cr, Cu and Hg or their combinations Sb–Sn,
Co–Mn, Ni–Si, Ni–Cr–Mo and Fe–Cr are used for methanol elec-
tro-oxidation [18,19]. A 50–50 ordered Ni–Ti alloy was found to
be more active than Ni or Ti electrodes for methanol oxidation in
acidic medium due to the formation of a passivating layer, which
suppresses the nickel corrosion [20]. Thin films Ni–Ti (<100 nm)
were prepared by ion-implanting was shown to be redox active
and to promote the electrocatalytic oxidation of glucose in NaOH
depending on the surface of Ni–Ti composition. Compared to the
Ni–Ti bulk alloy (55.92:44.08), the Ni-implanted Ti displayed a
more efficient catalytic activity and improved corrosion resistance
[21].

The aim of the present work is to prepare Ni–P–TiO2 nanocom-
posite coatings with different contents of TiO2 particles onto the
surface of commercial carbon using electroless deposition
technique and to apply these electrodes for the electro-oxidation
of small organic molecules such as methanol, formaldehyde, and
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glucose. The catalytic activity of the prepared electrodes toward
electro-oxidation of small organic molecules and their stability
with time has been investigated.
Fig. 1. EDX analysis for: (a) Ni–P, (b) Ni–P–TiO2 (I), and (c) Ni–P–TiO2 (II) coatings.
2. Experimental

2.1. Materials

The titanium dioxide, TiO2, used in this work (Degussa P-25
anatase) with 25–40 nm was obtained from Degussa Company,
Ridgefield Park, NJ. Commercial carbon was used as substrate for
the electroless deposition. Chemicals were obtained from BDH
(NaOH, glucose, methanol, formaldehyde AR) and were used with-
out further purification and solutions were prepared using triply
distilled water.

2.2. Plating procedures

Ni–P–TiO2 nanocomposite coatings were deposited from a sus-
pension of TiO2 particles in a plating solution. Electroless nickel
bath was used for preparing the Ni–P and Ni–P–TiO2 composite
coatings. The plating bath consists of nickel sulfate 35 g/L as a
source of nickel, sodium hypophosphite 15 g/L as reducing agent,
and sodium citrate 15 g/L, sodium acetate 5 g/L as a complexing
agent to control the free nickel ions in the plating solution and
deposition rate. The bath operated at pH 4.7–4.9 and temperature
90 ± 2 �C. The TiO2 particles were added to the solution from 1 to
5 g/L. Magnetic stirring was applied to mix the TiO2 particles and
the electrolyte for 8 h for complete dispersion of powder into plat-
ing solution. Subsequently, the suspension was stirred by ultra-
sonic agitation for 30 min just before plating.

The Ni–P–TiO2 nanocomposite coatings of about 10 lm in thick-
ness were deposited on commercial carbon rod of 0.125 cm2

apparent surface area using nickel plate as an anode. The bath
was stirred by a magnetic stirrer (150 rpm) in the plating process.
Pure Ni–P coatings were also obtained under the same condition
from an electrolyte without TiO2 particles. After plating, the spec-
imens were taken out then thoroughly rinsed with deionized water
and air dried at room temperature. Then, these specimens were
used for electro-oxidation measurements without any further
treatments.

Zeta potential measurements were carried out using Lazer Zeta
meter Malven Instrument (Zeta sizer 2000). Ground sample
(0.02 g) was immersed in total volume of 50 ml of electroless plat-
ing solution. pH was adjusted at desired value using NaOH and HCl
solution. The samples were shaked for 30 min then the zeta poten-
tial was measured. Surface areas of the prepared electrodes were
recorded using Nova 2000 series based on the well-known Bru-
nauer, Emmett and Teller (B.E.T.) theory.

2.3. Electrochemical measurements

Electrochemical measurements were performed on the pre-
pared electrodes of a disc shaped each of a surface area of
0.125 cm2. The surface area was calculated from the apparent area
and the current density was referred to it. A conventional three-
electrodes glass cell with a Pt sheet as a counter electrode and
Hg/HgO/1.0 M NaOH (MMO, E0 = 140 mV vs. NHE) as a reference
electrode were used. All experiments were carried out at room
temperature of 30 ± 2 �C. The electrochemical measurements were
performed using an Amel 5000 system (supplied by Amel instru-
ment, Italy) driven by a PC for data processing. The PC was inter-
faced with the instrument through a serial RS-232 C card. Amel
Easy Scan software was used in connection with the PC to control
the Amel 5000 system.
The phase structure of the composite coatings was studied by
X-ray diffractometry (BRUKER axc-D8) using Cu Ka radiation with
k = 0.1542 nm. The surface morphology of the coatings was ob-
served using a scanning electron microscopy (JEOL-JSM-5410)
and the percentage of co-deposited TiO2 particles was evaluated
by using energy dispersive X-ray spectroscopy (EDX-Oxford) anal-
ysis tool.

3. Results and discussion

3.1. Characterization of Ni–P–TiO2 nanocomposite coatings

Ni–P–TiO2 composite coating was prepared onto the carbon
substrate surface from a suspension of TiO2 particles in aqueous
bath by electroless plating technique. Generally, the structure
and properties of electroless Ni–P coating depend mainly on the
amount of phosphorus present in the deposit. The surface compo-
sition of the coating was determined by energy dispersive X-ray
spectroscopy (EDX). In each measurement, an area of 10 lm in
diameter was examined to a depth of about 2 lm. In other words,
EDX analysis has been carried out to determine the influence of co-
deposition of TiO2 particles on the chemical composition of the
coating (Fig. 1). The chemical compositions of as-plated Ni–P and
composite coatings prepared with different contents of TiO2 pow-
der in plating bath are given in Table 1. For Ni–P coating, the wt% of
P content was 5.3 wt% referring to the low P content. With TiO2

addition (0–5 g/L), marginal variation in phosphorus content was
noticed (5.3–5.6 wt%). On the other hand, increasing in TiO2 pow-
der content (1–3 g/L) enhances the wt% of co-deposited TiO2 in the
coatings (1.4–4.5 wt%). However, further increase in powder addi-
tion has a slight effect on the incorporation process.



Table 1
Effect of TiO2 concentration in the electrolyte on the composition of deposit

Electrode structure TiO2 content in bath (g/l) Coating composition

Ni (wt%) P (wt%) TiO2 (wt%)

Ni–P/C 0 94.7 5.3 –
Ni–P–TiO2/C (I) 1 92.4 5.5 1.4
Ni–P–TiO2/C (II) 3 90.1 5.4 4.5
Ni–P–TiO2/C (III) 5 89.3 5.6 5.1
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The co-deposition process can be ascribed probably to the elec-
trostatic absorption of Ni ions onto the inert particles of TiO2

[15,21]. Fig. 2 shows the variation of zeta potential of TiO2 with
pH of the Ni–P bath. It is evident that within the scale of pH value
(2–12), the zeta potential was always negative. The negative zeta
potential of TiO2 particles is an effective factor in the trapping of
Ni ions onto the surface of powder particles in the plating bath
of a pH value 5. Hence, the amount of adsorbed Ni2+ ions on the
surface of TiO2 particles increases with an increase in TiO2 content
in the bath. Beside the effects of ion adsorption, agitation has been
shown to play a significant role in the increasing of physical colli-
sions of particles with the substrate surface, encapsulating and
incorporating the TiO2 particles into deposit in the mechanical
locks of the coating [15,22].

SEM surface morphology of the pure Ni–P and Ni–P–TiO2 coat-
ings containing different contents of TiO2 particles is shown in
Fig. 3. It can be observed that the Ni–P–TiO2 nanocomposite coat-
ings show a smooth and fine surface compared with Ni–P coating.
Fig. 4 presents XRD patterns of the Ni–P and composite coatings
containing different TiO2 contents. Diffraction pattern of Ni–P
(blank) shows a single broad peak at around 45� characteristic of
amorphous state with preferred orientation of Ni(111) and the
area of amorphous state is very wide.

The grain size (t) of Ni–P and Ni–P–TiO2 coatings can be esti-
mated by the Scherrer equation [23]:

t ¼ 0:9k
B cos ðhBÞ

ð1Þ

where k is Cu (Ka) wavelength, B is the broadening of the full width
at half maximum (F.W.H.M) and hB is the Bragg’s angle. The calcu-
lated grain size using Scherrer method is around 1.9 nm for Ni–P.
The phase composition investigations of Ni–P–TiO2 coatings reveal
the presence of two phases (Fig. 4). Apart from single broad peak
corresponds to amorphous Ni(111) plane at 45�, there are low
intensity peaks characterized for TiO2. The calculated grain sizes
Fig. 2. The variation of zeta potential of TiO2 particles with pH.
from the Scherrer formula for the diffracted peak of Ni for Ni–P
and N–P–TiO2 coatings are summarized in Table 2. The data indi-
cated that the size of Ni grains of the Ni–P–TiO2 nanocomposite
coating is smaller than that of Ni–P coating. Such decrease in grain
size can be attributed to the distribution of TiO2 nano-particulates
on the boundaries of Ni grains, which restricts the growth of Ni
grains in the deposition process and results in the fine and smooth
surface [24].

3.2. Electro-oxidation of small organic molecules

The electrochemical behavior of the prepared electrodes was
studied in NaOH solution in order to study the electro-oxidation
of small organic molecules such as methanol, glucose and formal-
dehyde. First, the cyclic voltammetric behavior of Ni–P/C electrode
in 0.5 M NaOH solution is shown in Fig. 5. The polarization was
started at a scan rate of 50 mV/s from �1200 to +1500 mV
(MMO) in the anodic direction and then the scan was reversed in
the cathodic direction back to �1200 mV. The hydrogen evolution
takes place at the starting potential at high cathodic current, while
the oxygen evolution can be observed at relatively high positive
potential. Additionally, two small peaks are observed in the blank
voltammogram, one in the anodic direction at about +500 mV
(MMO) due to the formation of NiOOH (Fig. 5) and the other in
the cathodic direction at about +450 mV due to the reduction of
NiOOH to Ni(OH)2 [25,26]:

NiðOHÞ2 þ OH� ¼ NiOOHþH2Oþ e� ðIÞ

Addition of 2.0 M methanol to the electrolyte changes the vol-
tammetric response of the electrode. The solid line in Fig. 5 repre-
sents the electrochemical oxidation of 2.0 M methanol in 0.5 M
NaOH at the same scan rate. The oxidation process was started at
+500 mV (MMO) with gradual increase in the oxidation current
density reached its maximum value of 57 mA cm�2 at about
+919 mV in the anodic direction. Then, the scan was reversed
and another reoxidation peak appeared in the reverse scan at the
same potential value probably due to the oxidation of the adsorbed
methanol and/or the intermediate product of methanol oxidation.
Adsorbed CO is one of the most known intermediate products of
methanol oxidation, which causes deactivation and blocking of
the active sites of the electrode surface during the oxidation pro-
cess with the time [27]. On the other hand, formate and CO2 were
identified as the main solution reaction products in NaOH solution
[28]. It was found that the presence of oxide, hydroxide and/or
oxyhydroxide groups is an essential for the electro-oxidation of or-
ganic compound demands [29]. On the Ni–P/C electrode, the meth-
anol oxidation process starts at a potential value corresponding to
the formation of NiOOH species as shown from the Fig. 5. It can be
proposed that methanol is oxidized on the Ni–P/C electrode
through the reaction with NiOOH, i.e. NiOOH acts as electron trans-
fer mediator for the oxidation process [30–32]:

NiOOHþmethanol$ NiðOHÞ2 þ products ðIIÞ

Electrochemical oxidation of glucose was also studied on Ni–P/C
electrode in NaOH solution. Fig. 6 represents the cyclic voltammo-
gram of Ni–P/C electrode in 0.5 M NaOH solution in absence and
presence of glucose (0.1 M) at a scan rate of 50 mV/s. The same re-
dox couples of Ni, i.e. (Ni3+/Ni2+) were appeared at +500 and
+450 mV in both anodic and cathodic directions. The electro-oxida-
tion of glucose was started at about +450 mV as NiOOH species are
formed and the current density increased in the anodic direction
reaching its maximum value of 55 mA cm�2 at potential of
+860 mV. Then, the current density decreased whereas the scan
is reversed and another reoxidation peak of glucose and/or the
intermediate product of glucose oxidation appeared at the same
potential value. Gluconic acid as the main reaction product in



Fig. 3. SEM images of: (a) Ni–P and Ni–P–TiO2 (b) I, (c) II, and (d) III coatings.

Fig. 4. XRD of the prepared electrodes (I, II, III) in comparison with Ni–P/C
electrode.

Table 2
Grain size and surface area of Ni(1 11) in the Ni–P and Ni–P–TiO2 composite coatings

Samples Grain size (nm) Actual surface area (m2/g)

Ni–P/C 1.90 25
Ni–P–TiO2/C (I) 1.60 101
Ni–P–TiO2/C (II) 1.30 143
Ni–P–TiO2/C (III) 1.00 156
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acidic and in neutral media beside many other carboxylic acids
such as glucaric, glucuronic, tartaric, glyoxylic, oxalic, glycolic
and formic acids were detected [33]. Accordingly, it is expected
that the salts of these acids are formed in alkaline solution. Hence,
the oxidation of glucose on the Ni–P/C electrode can be carried out
through the reaction with NiOOH [30,31].

In addition, the electrochemical oxidation of formaldehyde was
studied at Ni–P/C electrode. Fig. 7 represents the cyclic voltammo-
grams of this electrode in 0.5 M NaOH at a scan rate of 50 mV/s in
absence and in presence of 2.0 M HCHO. It is obvious that the oxi-
dation process occurs with the formation of NiOOH species. The
oxidation current density increases in the anodic direction reach-
ing a high value at relatively high overpotential. Then, the scan
was reversed and another reoxidation peak appeared in the nega-
tive scan due to the oxidation of the adsorbed formaldehyde and/or
the intermediate product of formaldehyde oxidation. The oxidation
current density is about 74 mA cm�2 at +1000 mV (MMO). The fi-
nal products of HCHO oxidation is HCOO� and/or CO2 depending
on the type of the used electrode [34]. It can be mentioned that
NiOOH is an electron transfer mediator for the oxidation of formal-
dehyde on the Ni–P/C electrode [30,31].

In a trial to increase the catalytic activity and the stability of the
above used catalyst toward the electro-oxidation of small organic
molecules, other electrodes with different contents of TiO2 were
prepared (Table 1). Three-electrodes named as (I, II, III) containing
different TiO2 contents of 1.4, 4.5 and 5.1 wt%, respectively were
prepared. The electro-oxidation of methanol on the three Ni–P–
TiO2/C electrodes in 0.5 M NaOH solution was examined. Fig. 8a
illustrates cyclic voltammograms of the three-electrodes (I, II and
III) in 0.5 M NaOH as a blank solution at a scan rate of 50 mV/s from
�1200–1500 mV (MMO). The shape of these cyclic voltammo-
grams in 0.5 M NaOH is almost the same as the cyclic voltammo-
gram pattern of Ni–P/C electrode (Fig. 5) in the same electrolyte



Fig. 5. Cyclic voltammograms of Ni–P/C electrode in 0.5 M NaOH (the dashed line) and in presence of 2.0 M MeOH (the solid line) at a scan rate of 50 mV/s (MMO).

Fig. 6. Cyclic voltammograms of Ni–P/C electrode in 0.5 M NaOH (the dashed line) and in presence of 0.1 M glucose (the solid line) at a scan rate of 50 mV/s (MMO).

Fig. 7. Cyclic voltammogram of Ni–P/C electrode in 0.5 M NaOH in presence of 2.0 M HCHO at a scan rate of 50 mV/s (MMO).
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with a few differences. It was found that, H2 evolution peak ap-
peared at the starting negative potential while the O2 evolution
peak appeared at more positive potential. The two peaks of Ni re-
dox couples i.e., (Ni3+/Ni2+) appeared with higher peak current den-
sities compared to that obtained with Ni–P/C electrode. Depending
on the composition of the applied electrodes, the higher amount of
TiO2 in the prepared electrode, the higher height of the peak cur-
rent densities of the redox couples. On the other hand, the poten-
tial of the anodic peak shifted towards the positive potential and
that of the cathodic peak shifted towards the less positive one. It
can be observed that the presence of TiO2 in the prepared electrode
enhances the formation of Ni redox couple (Ni3+/Ni2+). Fig. 8b rep-
resents cyclic voltammograms of these electrodes in 0.5 M NaOH
in presence of 2.0 M MeOH at a scan rate of 50 mV/s from 200 to
1500 mV (MMO). It was found that the oxidation process starts
at +400 mV as NiOOH species is formed and the oxidation current
density of methanol increases in the anodic direction up to
+1500 mV. With reversing the scan down to +200 mV, another
reoxidation process of the adsorbed methanol and/or its interme-
diate products takes place in the reverse scan. Since, the oxidation



Fig. 8. (a) Cyclic voltammograms of Ni–P–TiO2/C electrodes [I, II, III] in 0.5 M NaOH at a scan rate of 50 mV/s (MMO). (b) Cyclic voltammograms of Ni–P–TiO2/C electrodes [I,
II, III] in 0.5 M NaOH in presence of 2.0 M MeOH at a scan rate of 50 mV/s (MMO).

22 A. Abdel Aal et al. / Journal of Electroanalytical Chemistry 619–620 (2008) 17–25
of methanol on the investigated electrodes is characterized by very
broad peaks over wide range of potentials. It was necessary to
measure and compare values of oxidation current density at a con-
stant selected potential value (Table 3). The data indicates that as
the TiO2 content increases in the prepared electrodes, the oxidation
current density increases and the modified electrode II with
4.5 wt% TiO2 exhibited the highest oxidation current density value
compared to the other two electrodes (I and III) at +919 mV as
shown from Table 3. Besides, the oxidation current density of
methanol at that electrode is much higher than that on Ni–P/C
electrode at the same potential value (Table 3). For all the applied
electrodes, the oxidation process starts only after the formation of
NiOOH species as an electron transfer mediator [30].

Therefore, a conclusion can be drawn that Ni–P–TiO2/C elec-
trodes are superior to Ni–P/C electrode towards methanol elec-
tro-oxidation with respect to the oxidation current density. The
catalytic activity improvement of Ni–P–TiO2/C electrodes probably
attributed to the presence of TiO2 that enhances the formation of
Table 3
The oxidation current densities of small organic molecules on different electrodes at
constant potentials

Electrode
structure

Methanol I
(mA cm�2) at
+919 mV (MMO)

Glucose I
(mA cm�2) at
+860 mV (MMO)

Formaldehyde I
(mA cm�2) at
+1000 mV (MMO)

Ni–P/C 57 55 74
Ni–P–TiO2/C (I) 44 41 55
Ni–P–TiO2/C (II) 175 113 87
Ni–P–TiO2/C (III) 130 78 67
Ni3+/Ni2+ redox couple. The Ni3+ ions are considered the main spe-
cies necessary for methanol oxidation on Ni electrodes in alkaline
solution. Moreover, the presence of the mixed oxides (i.e., the nick-
el oxides and titanium oxides) may serve as good electron transfer
mediators for the oxidation process [35]. In addition, the presence
of TiO2 reduces the particle size of Ni and increases the actual sur-
face area improving the catalytic activity towards electro-oxdia-
tion of small organic molecules by increasing the number of
active sites [36]. However, the Ni–P–TiO2/C with 4.5 wt% TiO2

showed higher catalytic activity than that electrode III with
5.1 wt% TiO2 due the lower Ni content in later electrode.

The chronoamperometric study in Fig. 9 represents the relation
between the steady state current of methanol oxidation at the peak
potential of +919 mV (MMO) and the time in minutes for the three-
electrodes Ni–P/C, Ni–P–TiO2/C (I) and Ni–P–TiO2/C (II) respec-
tively. It is seen that Ni–P–TiO2/C electrodes (I, II) exhibited higher
stability than that of Ni–P/C electrode. Since TiO2 suppresses the
deactivation of the electrode surface and improves the stability
of these electrodes through complete oxidation of intermediate
product of the oxidation process such as CO. Moreno et al. found
that TiO2 acts as a Pt protecting matrix in the hydrogen oxidation
reaction, which increases CO oxidation [37,38]. Additionally,
Mehandru et al. have proved that CO dissociates on Pt–Ti alloys
much easier than on pure Pt [39].

In order to confirm the role of TiO2 with Ni towards the
enhancement of the electrocatalytic oxidation of small organic
molecules such as methanol, similar electrode was prepared using
Al2O3 in the same ratio instead of TiO2. The bath composition and
plating conditions for the preparation of Ni–P–Al2O3 composite
coatings have been optimized and published elsewhere [40]. SEM



Fig. 9. The steady state oxidation current density values of 2.0 M methanol in 0.5 M NaOH at a potential of +919 mV (MMO) with time in minutes.

Fig. 10. EDX analysis and SEM pattern of Ni–P–Al2O3 coating.

Fig. 11. Cyclic voltammograms of Ni–P–Al2O3/C electrode in 0.5 M NaOH (the dashed line
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micrograph in Fig. 10 shows the distribution of Al2O3 particles into
the Ni–P deposit. It is obvious that the obtained composite layers
have a mat-gray metallic surface of Ni–P with white spots visible
to the naked eye of Al2O3. To further confirm the presence of the
Al2O3 particles in the coating, EDX analysis of the surface has been
carried out and the corresponding spectra is shown in Fig. 10. Al2O3

peak is observed other than nickel and phosphorous peaks. This
confirms the presence of second phase Al2O3 particles in the Ni–
P matrix.

The cyclic voltammogram of Ni–P–Al2O3/C (4.5 wt% Al2O3) was
recorded in 0.5 M NaOH in absence and in presence of 2.0 M MeOH
at a scan rate of 50 mV/s (Fig. 11). The shape of the blank cyclic vol-
tammogram (the dashed line) almost the same as the cyclic vol-
tammogram pattern of Ni–P/C electrode in the same electrolyte.
However, the current densities of the redox couples of Ni (i.e.,
Ni3+/Ni2+) formed at +580 and +450 mV (MMO) are slightly smaller
than that of Ni–P/C electrode. In addition, H2 evolution peak ap-
peared at more negative potential while the O2 evolution peak de-
tected at more positive one. It is clear in Fig. 11 that the oxidation
peak current density of methanol at Ni–P–Al2O3/C (4.5 wt%) elec-
trode is about 57 mA cm�2 at a potential of +919 mV (MMO),
which is similar to that value obtained at Ni–P/C electrode without
TiO2. This clearly illustrates the specificity of TiO2 in enhancement
of the oxidation process.

Electrochemical oxidation of glucose was also studied on Ni–P–
TiO2/C electrodes (I, II, III) in 0.5 M NaOH solution. Fig. 12a demon-
strates cyclic voltammograms of the three-electrodes in 0.5 M
) and in presence of 2.0 M methanol (the solid line) at a scan rate of 50 mV/s (MMO).



Fig. 12. (a) Cyclic voltammograms of Ni–P–TiO2/C electrodes (I, II, III) in 0.5 M NaOH in presence of 0.1 M glucose a scan rate of 50 mV/s (MMO). (b) The relation between the
concentration of glucose and the oxidation current density values at +860 mV (the solid line) and +700 mV (the dashed line) MMO at Ni–P–TiO2/C (II).
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NaOH in presence of 0.1 M glucose at a scan rate of 50 mV/s. The
same redox couples of Ni appeared as stated above in the 0.5 M
NaOH as a blank solution (Fig. 8a) and the electro-oxidation of glu-
cose starts at +450 mV as NiOOH species formed and the current
density increases in the anodic direction. Then, the current density
decreases, whereas the scan is reversed and another oxidation
peak appeared in the reverse scan at the same potential value
Fig. 13. Cyclic voltammograms of Ni–P–TiO2/C electrodes [I, II, III] in 0.5 M
due to the oxidation of the glucose and/or the intermediates of
the glucose oxidation process. Therefore, the Ni–P–TiO2/C (II)
showed the highest oxidation current density value of about
113 mA cm�2 at +860 mV (MMO) compared to the other two elec-
trodes (Table 3).

In order to study the effect of glucose concentration at Ni–P–
TiO2/C (II) electrode, different glucose concentrations were pre-
NaOH in presence of 2.0 M HCHO at a scan rate of 50 mV/s (MMO).
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pared in the range from 0.2 down to 0.0005 M in 0.5 M NaOH and
the cyclic voltammograms were recorded at a scan rate of 50 mV/s.
It was found that as the concentration of glucose increases, the oxi-
dation current densities at +860 and +700 mV (MMO) increase
(Fig. 12b).

Fig. 13 represents the cyclic voltammograms of electro-oxida-
tion of 2.0 M HCHO in 0.5 M NaOH at a scan rate of 50 mV/s. As
shown the oxidation process occurs at relatively lower over poten-
tials compared to that occurs at Ni–P/C electrode. The data in Table
3 indicated that the Ni–P–TiO2/C (II) exhibited the highest oxida-
tion current density of 87 mA cm�2 compared to the other two
electrodes.
4. Conclusions

It was feasible to prepare Ni–P–TiO2 nanocomposite coating by
properly incorporating TiO2 nano-particulate to be co-deposited in
the Ni–P plating bath. The content of TiO2 particles in Ni–P–TiO2

composite coatings increases with increasing concentration of
TiO2 in the plating bath. The nanocomposite Ni–P–TiO2 coatings
showed a smaller grain size compared with Ni–P coating. The
nanocomposite Ni–P–TiO2 exhibited higher catalytic activity to-
wards the electrochemical oxidation of small organic molecules
than Ni–P and the highest activity was exhibited by Ni–P–TiO2

(4.5% TiO2) electrode.
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