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a b s t r a c t

Ni–TiO2 nanocomposite coatings were prepared by the co-deposition of Ni and nanoparticles of TiO2 pow-
der onto the surface of commercial carbon for fuel cell application, in particular the electro-oxidation of
methanol. The influences of the TiO2 powder concentration and applied current density on the composi-
tion of nanocomposite coatings were investigated. The chemical composition and phase structure of coat-
vailable online 9 December 2008

eywords:
urface coatings
anocomposite
lectrodeposition

ings were studied by X-ray diffractometer (XRD) and energy dispersive X-ray spectroscopy (EDX), respec-
tively. The surface morphology of deposited Ni and Ni–TiO2 coatings was studied using scanning electron
microscope. The performance of the prepared electrodes towards electro-oxidation of methanol as a func-
tion of co-deposited TiO2 content was studied. The catalytic activity was found to increase with increasing
TiO2 content up to 9 wt.%. The chronoamperometric data showed that the stability of the fabricated
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. Introduction

Surface modification by coatings has become an essential step
o improve the surface properties of materials. Coatings can pro-
ect a substrate by providing a barrier between the metal and
ts environment [1]. The nanostructured coatings have long been
ecognized to exhibit remarkable and technologically attractive
roperties due to their extremely fine microstructure [2]. Highly
ophisticated surface-related properties such as optical, magnetic,
lectronic, catalytic, mechanical, chemical and tribological proper-
ies can be obtained by advanced nanostructured coatings, making
hem attractive for industrial application [3,4].

Composite electroplating is a method that involves co-
epositing fine particles of metallic, non-metallic compounds or
olymers in the plated layer under the effect of electric field. Pre-
iously, the co-deposition of various metallic matrices as Ni, Ni–P,
nd Zn with a great variety of powders from hard carbides as SiC,
xides as ZnO and nitrides as AlN has been extensively studied by
bdel Aal et al. [3–7]. During this process, the powder particles are
uspended in a conventional plating electrolyte and are captured in

he growing metal film. Moreover, the rate of particle incorporation
epends on the nature of particles (size, shape and charge) and the
perating conditions (current density, temperature, pH and time)
3–7].
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oxidation process was improved with the content of co-deposited TiO2.
© 2008 Elsevier B.V. All rights reserved.

Small organic molecule’s fuel cells are regarded as promis-
ng electrochemical systems for directly converting the chemical
nergy of a fuel and an oxidant into electric energy in a wide range
f the portable and transportation applications. A short list of their
dvantages may include, interalia, their suitability for applications
here mass and volume constraints are stringent, the compatibility

f liquid methanol for handling and storage in the existed gasoline
nfrastructure, and their ability for quick start-up and immediate
esponse to consumer needs [8].

The activity of electrocatalysts is one of the main factors
ffecting the cell performance. The procedure and method for
he preparation of the electrocatalysts play an important role in
heir particle size, surface morphology, composition and elec-
rocatalytic activity with direct consequences to the fuel cell
erformance [9–12]. Song et al. [8] have reported that the electrode

abrication process, especially for the decal transfer fabrication
echnology, which involves several intermediate processing steps,
hould also have an obvious effect on the physical characteris-
ics of electrocatalysts, and accordingly on their electrochemical
ctivity.

During the past decade, the electrochemical oxidation of
mall organic molecules on nickel-based electrodes attracted
onsiderable attention and impact [13,14]. TiO2 and Ti coated with
xides of several other metals; Pt, Au, Fe, Co, Ni, Mo, Mn, Cr, Cu

nd Hg or their combinations Sb–Sn, Co–Mn, Ni–Si, Ni–Cr–Mo
nd Fe–Cr are used for methanol electro-oxidation [15]. The
ntroduction of TiO2 into Ni matrix is expected to improve the
atalytic activity of Ni-based electrodes. Hence, the present article
eports on the preparation of nanocomposite coatings of Ni–TiO2

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:foralsayed@gmail.com
dx.doi.org/10.1016/j.jallcom.2008.10.116
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nto the commercial carbon electrodes and their application for
he electro-oxidation of methanol.

. Experimental procedures

Ni–TiO2 nanocomposite layers were deposited on commercial carbon substrates
y conventional direct current electrodeposition process. Electroplating was per-
ormed using a plating cell consisting of carbon rod and nickel plate as cathode and
node, respectively, and vertically maintained at 5 cm. The basic compositions of the
lectrolyte are as follows: 240 g/l nickel sulfate, 30 g/l nickel chloride, 30 g/l boric
cid. The plating bath is heated to 55 ◦C and pH 5 value was adjusted by ammonia
ater or dilute sulfuric-acid. The titanium dioxide, TiO2, used in this work (Degussa

-25 anatase) with 25 nm was obtained from Degussa Company, Ridgefield Park, NJ.
ifferent concentrations were added to plating solution in order to form Ni–TiO2

anocomposite coatings. During the co-deposition process, the bath was stirred by
magnetic stirrer (150 rpm) in order to keep the particles dispersed and prevent

edimentation in the electrolyte suspension. For comparison, pure Ni coatings were
lso prepared in almost the same solution mentioned above except TiO2 particles
ere introduced under the same electrodeposition conditions. In order to standard-

ze the comparison, the thickness of all coatings was controlled to be approximately
0 �m by the plating time for a specific current density.

The phase structure of the composite coatings was studied by X-ray diffrac-
ometry (BRUKER axc-D8) using Cu K� radiation with � = 0.1542 nm. The surface

orphology of the coatings was observed using a scanning electron microscopy
JEOL-JSM-5410) and the weight percentage (wt.%) of co-deposited TiO2 particles
as evaluated by using energy dispersive X-ray spectroscopy (EDX-Oxford) analysis

ool. In each measurement an area of 10 �m in diameter was examined to a depth of
bout 2 �m. From EDX analysis, wt.% of Ti metal can be determined and accordingly
he TiO2 percentage.

Electrochemical measurements were performed on the above-prepared elec-
rodes of a disc-shaped each of apparent surface area of 0.125 cm2. The surface area
as calculated from the apparent area and the current density was referred to it. A

onventional three-electrode glass cell with a Pt sheet as a counter electrode and
g/HgO/1.0 M NaOH (MMO, E0 = 140 mV vs. NHE) as a reference electrode were used.
ll experiments were carried out at room temperature of 30 ± 2 ◦C. The electrochem-

cal measurements were performed using an Amel 5000 system (supplied by Amel
nstrument, Italy) driven by a PC for data processing. The PC was interfaced with
he instrument through a serial RS-232C card. Amel Easy Scan software was used in
onnection with the PC to control the Amel 5000 system.

. Results and discussion

.1. Electrodeposition and characterization

The effect of bath loads (0.5–5 g/l) was studied at various cur-

ent densities of 1, 2, and 3 A/dm2, maintaining all other deposition
arameters constant as pH 5 and temperature 55 ◦C (Fig. 1). The
omposition of composite layer was determined by EDX as shown in
ig. 2. The embedded weight percentage (wt.%) of TiO2 in the com-
osite was found to increase with increase in bath loads, reaching a

ig. 1. Dependence of TiO2 content in deposit on the bath load and current density
t constant pH 5.5 and 55 ◦C.
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Fig. 2. EDX of samples coated with (a) Ni and (b) Ni–9% TiO2.

aximum of 9 wt.% for a bath load at 1 g/l. The embedding of TiO2
an be attributed to the adsorption of suspended particles on the
athode surface, as suggested by Guglielmi’s two-step adsorption
odel [16]. Once the particle is adsorbed, the metal begins build-

ng around the cathode slowly, encapsulating and incorporating the
articles. Further increase of bath load up to 5 g/l resulted in a slight
ecrease in the weight of the TiO2 in the deposited composite and

ndicated that the adsorption of TiO2 particles in the coating has
eached the saturated state [17].

Fig. 1 shows also the correlation between the TiO2 content in
he deposit and the current density at various TiO2 concentrations
n the electroplating bath. The wt.% of co-deposited TiO2 increases

ith current density. According to the Stokes model, assuming the
hape of the colloidal particle is sphere, the electrophoretic velocity
VE) in an electric field (E) can be expressed as:

E = �EE = q

6��r
E (1)

here �E is the electrophoretic mobility, q is the charge of the par-
icle, r is the radius of the particle, and � is the viscosity of the
uspension [18]. The Stoke’s model indicates that increasing the
urrent density accelerates the electrophoretic velocity of TiO2 par-
icles and increases the Coulombic force between Ni+2 adsorbed on
articles and the cathode which in accordance increases the TiO2
ontent in the Ni deposit.

Besides the Guglielmi’s model for the co-depositing pro-
ess, several mechanisms have been proposed describing the
o-deposition process, such as absorbing theory in which the co-
eposition of particles and metal depends on van der Waal’s force
n the cathode surface. Once the particles are absorbed on the cath-
de surface, they will be imbedded into the composite coatings
19–22]. On the other hand, the particles in the mechanical mecha-
ism are deposited into the matrix through the simple mechanical
ourse. In this model, the particles are transmitted to the cathode
urface by the flowing fluids to contact the cathode. Then, they
ill stay on the cathode surface by the external force and be cap-

ured by the deposited metal. In the electrochemical mechanism,

he field intensity between the interface of electrodes and solution
nd electric charges of the particle surface plays a significant role
n the co-deposition process [16–22]. In general, the co-deposition

echanism is still not clear and further studies will have to address
he details of the process.
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ig. 3. SEM images of (a) pure Ni, (b) Ni–4 wt.% TiO2, (c) Ni–8 wt.% TiO2 and (d) Ni–9
nd 1 g/l TiO2 powder.

The scanning electron micrographs (SEM) of the Ni and Ni–TiO2
oatings are presented in Fig. 3a–d. A regular pyramidal structure
s shown in Fig. 3a is observed at the surface of the nickel film. The
btained composite layers have a mat-gray metallic surface with
hite Ni spots visible to the naked eye. Therefore, with the addi-
ions of TiO2 nanoparticles, the morphology of coatings is changed
o spherical particle, as shown in Fig. 3b–d.

The phase structure of Ni–TiO2 coating is represented in Fig. 4.
he XRD pattern of the Ni–TiO2 layer showed that the structure of

ig. 4. XRD patterns of Ni–9 wt.% TiO2 nanocomposite coating deposited at pH 5.5
nd 55 ◦C, 3 A/dm2 and 1 g/l TiO2 powder.
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iO2 deposited at different current densities and constant pH 5.5 and 55 ◦C, 3 A/dm2

his type of coatings exhibits a nickel matrix at different 2� angles
orresponding to the crystalline matrix of the Ni layer. The pattern
f such a composite layer additionally contains two small peaks
haracterized for crystalline TiO2 (anatase) indicating the embed-
ing of the TiO2 particles into the nickel matrix.

The grain size of Ni and Ni–TiO2 coatings can be estimated by
he Scherrer equation:

= 0.9�

B cos(�B)
(2)

here � is the Cu K� wavelength, B is the broadening of the full
idth at half maximum (F.W.H.M.) and �B is the Bragg’s angle. The

rain sizes of the pure Ni and Ni-TiO2 nanocomposite coatings were
alculated from the diffraction peak widths (with the instrumental
idth eliminated) by the Scherrer formula. The results are listed

n Table 1. It is clear that increasing of TiO2 content (0–9 wt.%) into
eposit reduces the size of Ni grains (from 108 to 37 nm), due to the
istribution of TiO2 nanoparticles on the boundaries of Ni grains,
hich restricts the growth of Ni grains in the deposition process

nd results in the fine and smooth surface [23].
.2. Electro-oxidation of methanol

The performance of Ni–TiO2/C catalysts towards methanol
lectro-oxidation was studied in 2 M NaOH and compared with the

able 1
he applied electrodes and grain size of Ni coating as a function of content of TiO2.

lectrode TiO2 content, wt.% Ni grain size, nm

ure Ni 0 108
I) 4 wt.% TiO2 57
II) 8 wt.% TiO2 42
III) 9 wt.% TiO2 37
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ig. 5. Cyclic voltammograms of Ni/C electrode in 2 M NaOH solution in the absence
the dashed line) and in the presence of 2 M methanol (the solid line).

erformance of Ni/C electrodeposited electrode. Fig. 5 shows the
yclic voltammograms of Ni/C electrode in 2 M NaOH solution in the
bsence (the dashed line) and in the presence of methanol (the solid
ine). Polarization was started from −1200 to +1500 mV (MMO) at

scan rate of 50 mV/s in the anodic direction and then the scan
as reversed in the cathodic direction back to −1200 mV (see the

nset figure). In addition to the hydrogen evolution taking place at
he starting potential characterized by a high cathodic current and
he oxygen evolution takes place at relatively high positive poten-
ial, two small peaks are observed in the blank voltammogram, one
n the anodic direction at about +380 mV due to the formation of
iOOH and the other in the cathodic direction at about +480 mV
ue to the reduction of NiOOH to Ni(OH)2 [24]:

i(OH)2 + OH− = NiOOH + H2O + e− (I)

n the presence of 2.0 M methanol, the oxidation process starts at
400 mV (MMO) with gradual increase in the oxidation current
ensity and reaches its maximum value of 259 mA cm−2 at about
1079 mV in the anodic direction. Then, the scan was reversed and
nother reoxidation peak appeared in the reverse scan at a poten-
ial of about +950 mV probably due to the reoxidation of methanol
r the intermediate products generating during methanol oxida-
ion. Adsorbed CO is one of the most known intermediate products
f methanol oxidation which causes deactivation and blocking of
he active sites of the electrode surface during the oxidation process
ith the time [25]. On the other hand, formate and CO2 were identi-
ed as the main solution reaction products in NaOH solution [26]. It
as found that the electro-oxidation of organic compound requires

he presence of oxide, hydroxide and/or oxyhydroxide groups [27].
n the Ni–P/C electrode, the oxidation process of methanol starts
t a potential value corresponds to the formation of NiOOH species
nd the oxidation process starts as Ni(III) species is formed as
hown in Fig. 5 (the solid voltammogram). It was suggested that,
ethanol is oxidized on the Ni/C electrode through the reaction
ith NiOOH to form Ni(OH)2, i.e. NiOOH acts as electron transfer
ediator for the oxidation process [28]:

iOOH + methanol ↔ Ni(OH)2 + products (II)

he same experiments were repeated on Ni–TiO2/C electrodes with
ifferent amounts of TiO2 as shown in Table 1. Three different
atios of TiO2 were found in the prepared electrodes which are
i–4 wt.% TiO2(I), Ni–8 wt.% TiO2(II) and Ni–9 wt.% TiO2(III) and the

hree electrodes named as (I, II and III). The electro-oxidation of
ethanol on the three Ni–TiO2/C electrodes in 2 M NaOH solution

as examined.

Fig. 6a illustrates cyclic voltammograms of the three electrodes
I, II and III) in 2 M NaOH as a blank solution at a scan rate of 50 mV/s
rom −1200 to 1500 mV (MMO) and the represented part is from 0
o +1000 mV (MMO). The shape of these cyclic voltammograms in

i
p
p
t
a

ig. 6. (a) Cyclic voltammograms of Ni–TiO2/C electrodes (I, II and III) in 2 M NaOH
olution at 50 mV/s (MMO). (b) Cyclic voltammograms of Ni–TiO2/C electrodes (I,
I and III) in 2 M NaOH solution in the presence of 2 M methanol at a scan rate of
0 mV/s (MMO).

M NaOH is almost the same as the cyclic voltammogram pattern
f Ni/C electrode (Fig. 6) in the same electrolyte with a few differ-
nces. It was found that, H2 evolution peak appeared at the starting
egative potential while the O2 evolution peak appeared at more
ositive potential. The two peaks of Ni redox couples, i.e. (Ni3+/Ni2+)
re formed in the potential range from +350 to +650 mV (MMO),
epending on the amount of Ni as well as the amount of TiO2 in
he prepared electrode. The higher amount of TiO2 in the prepared
lectrode, the higher height of the peak current densities of the
edox couples. On the other hand, the potential of the anodic peak
hifted towards the positive potential and that of the cathodic peak
hifted towards the less positive one. It can be observed that the
resence of TiO2 in the prepared electrode enhances the formation
f Ni redox couple (Ni3+/Ni2+).

Fig. 6b represents cyclic voltammograms of these electrodes in
M NaOH in the presence of 2.0 M MeOH at a scan rate of 50 mV/s. It
as found that, the oxidation process starts at +400 mV as NiOOH

pecies is formed and the oxidation current density of methanol
ncreases in the anodic direction up to +1500 mV. With revers-
ng the scan down to +200 mV, another reoxidation process of the
dsorbed methanol and/or its intermediate products generating
uring its oxidation taking place in the reverse scan. Oxidation of
ethanol at these electrodes is characterized by very broad peaks

ver wide range of potentials, so one must measure and compare
alues of oxidation current density at a constant selected potential
alue of about 1000 mV (MMO) (Table 2). It was found that, the oxi-
ation current density of methanol measured at constant potential
f +1000 mV (MMO) for all electrodes increases as the amounts of
iO2 increase in the prepared electrodes. Compared to the Ni/C elec-
rode, the oxidation current density of methanol at these electrodes

s much higher. Notably, as the amount of TiO2 increases in the
repared electrodes, the oxidation process occurs at less positive
otential as shown from Fig. 6b and Table 2. For all the three elec-
rodes, the oxidation process starts as the NiOOH is formed which
cts as an electron transfer mediator for the oxidation process.
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Table 2
Oxidation peak current densities and potentials for electro-oxidation of methanol
at different electrodes.

Electrode I/mA cm−2 at +1000 mV (MMO) Ip/mA cm−2 Ep/mV (MMO)

Pure Ni 247 259 1079
(I) 214 248 1151
(II) 329 341 1090
(III) 395 400 1043
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ig. 7. Steady state oxidation current density of methanol oxidation at Ni/C and
i–TiO2/C (I, II, and III) electrodes at constant potential of +1000 mV (MMO) and the

ime in minutes.

From the above results, a conclusion can be drawn that the
erformance of Ni–TiO2/C electrodes is superior to Ni/C electrode
owards the electro-oxidation of methanol. The enhancement of the
atalytic activity of Ni–TiO2/C electrodes probably was attributed
o the presence of the mixed oxides (i.e. the nickel oxides and tita-
ium oxides) which may serve as good electron transfer mediators

or the oxidation process [29].
In addition, the presence of TiO2 reduces the particle size of Ni

nd increases the actual surface area, which improves the catalytic
ctivity towards electro-oxidation of small organic molecules by
ncreasing the number of active sites [30]. Hence, the electrodes of
i–TiO2/C exhibited higher stability with time in comparison with
i/C electrode, as shown from the chronoamperometric experi-
ent in Fig. 7. This experiment represents the relation between

he steady state current of methanol oxidation at the peak poten-
ial of about 1000 mV (MMO) and the time in minutes for Ni/C and
i–TiO2/C electrodes. It is clear that Ni–TiO2/C (II and III) electrodes
ave the highest stability with time than the Ni/C. Since TiO2 sup-

resses the deactivation of the electrode surface and improves the
tability of these electrodes through complete oxidation of inter-
ediate product of the oxidation process such as CO. Moreno et al.

31,32] found that TiO2 acts as a Pt protecting matrix in the hydro-
en oxidation reaction which increases CO oxidation. Additionally,

[
[
[
[
[

nd Compounds 477 (2009) 652–656

ehandru et al. [33] have proved that CO dissociates on Pt–Ti alloys
uch easier than on pure Pt.

. Conclusions

Nanocomposite coatings consisting of nickel matrix and TiO2
anoparticles can be successfully synthesized by means of elec-
rodeposition onto commercial carbon substrate. The content of
iO2 particles in the coatings increases with increasing TiO2 con-
entration in the electrolyte. The nanocomposite Ni–TiO2 coatings
howed a smaller grain size and higher catalytic activity towards
he electrochemical oxidation of methanol compared with pure Ni
oating.

eferences

[1] J.E. Gray, B. Luan, J. Alloys Compd. 336 (2002) 88.
[2] L.S. Leon, D. Goberman, R. Ren, M. Gell, S. Jiang, Y. Wang, T.D. Xiao, R.S. Peter,

Surf. Coat. Technol. 130 (2000) 1.
[3] Y. Wang, Z. Xu, Surf. Coat. Technol. 200 (2006) 3896.
[4] A. Abdel Aal, K.M. Ibrahim, Z. Abdel Hamid, Wear 260 (2006) 1070.
[5] A. Abdel Aal, M. Barakat, R. Mohamed, Appl. Surf. Sci. 254 (2008) 4577.
[6] A. Abdel Aal, Mater. Sci. Eng. A 474 (2008) 181.
[7] A. Abdel Aal, H.B. Hassan, M.A. Abdel Rahim, J. Electroanal. Chem. 619 (2008)

17–25.
[8] S.Q. Song, Z.X. Liang, W.J. Zhou, G.Q. Sun, Q. Xin, V. Stergiopoulos, P. Tsiakaras,

J. Power Sources 145 (2005) 495.
[9] L. Dubau, F. Hahn, C. Coutanceau, J. Leger, C. Lamy, J. Electroanal. Chem. 554

(2003) 407.
10] Z. Jusys, J. Kaiser, R.J. Behm, Electrochim. Acta 47 (2002) 3693.
11] U.A. Paulus, U. Endruschat, G.J. Feldmeyer, T.J. Schmidt, H. Bonnemann, R.J.

Behm, J. Catal. 195 (2000) 383.
12] W.J. Zhou, B. Zhou, W.Z. Li, Z.H. Zhou, S.Q. Song, G.Q. Sun, Q. Xin, S. Douvartzides,

M. Goula, P. Tsiakaras, J. Power Sources 126 (1/2) (2004) 16.
13] M.A. Abdel Rahim, R.M. Abdel Hameed, M.W. Khalil, J. Power Sources 134 (2004)

160.
14] M.A. Abdel Rahim, R.M. Abdel Hameed, M.W. Khalil, J. Power Sources 135 (2004)

42.
15] B.M. Lotvin, Yu.B. Vasil, Electrokimiya 16 (1980) 1419.
16] N. Guglielmi, J. Electrochem. Soc. 144 (1997) 62.
17] A. Abdel Aal, M. Bahgat, M. Radwan, Surf. Coat. Technol. 201 (2006) 2910.
18] H. Lee, H. Lee, J. Jeon, Surf. Coat. Technol. 201 (2007) 4711.
19] J.P. Celis, J.R. Roos, C. Beulens, J. Electrochem. Soc. 134 (1987) 1402.
20] R. Xu, J. Wang, L. He, Z. Guo, Surf. Coat. Technol. 202 (2008) 1574.
21] J.L. Valdes, H.Y. Cheh, J. Electrochem. Soc. 134 (1987) 223.
22] J. Fransaer, J.P. Celis, J.R. Roos, J. Electrochem. Soc. 139 (2) (1992) 413.
23] M. Srivastava, V.K. William Grips, K.S. Rajam, Appl. Surf. Sci. 253 (2007) 3814.
24] M. Vukovic, J. Appl. Electrochem. 24 (1994) 878.
25] E. Morallon, J.F. Cases, J.L. Vazquez, A. Aldaz, Electrochim. Acta 37 (1992) 1883.
26] E. Morallon, A. Rodes, J.L. Vazquez, J.M. Perez, J. Electroanal. Chem. 391 (1995)

149.
27] R. Ortiz, O.P. Marquez, J.C. Gutierrez, J. Phys. Chem. 100 (1996) 8389.
28] M.A. Abdel Rahim, H.B. Hassan, R.M. Abdel Hamid, J. Power Sources 154 (2006)
59.
29] J.W. Kim, S.M. Park, J. Electrochem. Soc. 146 (1999) 1075.
30] S.M.A. Shibli, V.S. Dilimon, J. Hydrogen Energy 32 (2007) 1694.
31] B. Moreno, E. Chinarro, J.L.G. Fierro, J.R. Jurado, J. Power Sources 169 (2007) 59.
32] H. Song, X. Qiu, F. Li, W. Zhu, L. Chen, Electrochem. Commun. 9 (2007) 1298.
33] S. Mehandru, A. Andreson, P. Ross, J. Catal. 100 (1986) 210.


	Electrodeposited nanocomposite coatings for fuel cell application
	Introduction
	Experimental procedures
	Results and discussion
	Electrodeposition and characterization
	Electro-oxidation of methanol

	Conclusions
	References


